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I.  TASK  REVIEW 

The  objective  of  this  project  was  to  develop  novel  chemical  sensor 
devices  in  support  of  programs  at  the  U.S.  Naval  Research  Laboratory's 
Surface  Chemistry  Branch.  The  project  involved  extensive  collaboration 
with  scientists  employed  by  Geo-Centers,  Inc.  and  the  U.S.  Naval  Research 
Lab.  During  the  course  of  his  program  Microsensor  Systems,  Inc.  focussed 
its  efforts  on  the  following  tasks: 

1 )  The  design,  fabrication,  and  evaluation  of  model  sensors  based  on 
surface  acoustic  wave  (SAW),  optica!  waveguide  and  chemiresistor 
technologies. 

2)  Design,  fabrication,  and  operation  of  automated  vapor  generation 
systems  and  the  operation  of  these  systems  to  permit  he  rapid 
testing  of  chemical  microsensor  devices  and  chemically  selective 
coatings  developed  as  pari  of  this  program. 


II.  SUMMARY  OF  WORK  PERFORMED 


During  the  period  from  1  January  1986  to  May  1988.  Microsensor  Systems, 
Inc.  supplied  Geo-Centers.  Inc.  witn  a  broad  spectrum  of  hardware  and 
services  in  support  of  the  Chemical  Detector  Development  program  at  the 
U.S.  Naval  research  Laboratory.  The  highlights  of  work  performed  in  each 
significant  category  are  described  here.  Detailed  reports  of  the  work 
performed  and  results  obtained  are  provided  in  the  Appendix. 

A)  SAW  Hardware 

The  SAW  vapor  sensor  was  the  primary  sensor  technology  being  developed 
in  this  program.  Microsensor  Systems.  Inc.  fabricated  several  different 
SAW  sensor  configurations  that  could  be  used  in  the  laboratory  to  evaluate 
selective  coating  performance.  These  included  a  52  MHz  dual  SAW  delay 
line  oscillator  and  a  158  MHz  dual  delay  line  oscillator.  These  two  SAW 
devices  were  the  primary  vehicles  used  to  conduct  chemical  sensor 
coating  development  at  NRL.  Descriptions  of  the  devices,  the  supporting 
RF  electronic  hardware  and  operating  instructions  for  these  devices  are 
contained  in  the  Appendix.  Microsensor  Systems,  Inc.  also  fabricated  a 
field  portable  4  SAW  array  instrument  using  112  MHz  dual  SAW  delay  line 
oscillators.  This  instrument  contained  a  built  in  air  sampling  pump, 
scrubber  and  solenoid  valves  to  permit  the  periodic  sampling  of  ambient 
air.  The  instrument  provided  frequency  data  to  an  Apple  lie  data 
acquisition  computer  equipped  with  a  four  channel  frequency  counter.  The 
4  SAW  array  sensor  was  tested  at  NRL  and  sent  to  the  U.S.  Army  CRDEC  Lab 
for  evaluation  with  chemical  agents  and  simulants.  Finally,  Microsensor 
Systems,  Inc.  conducted  a  study  to  compare  the  relative  performance  of 
SAW  oscillators  built  with  the  delay  line  and  resonator  configurations. 


3) 


Chemicai  Sensor  Develooment  and  Evaluation 


Ail  o:  the  chemicai  sensors  explored  in  this  program  require  a  chemically 
selective  coating.  Thus,  the  development  of  coatings  and  the  evaluation  of 
their  relative  performance  was  an  important  focal  point  of  this  program. 
All  of  the  chemically  selective  coatings  were  intended  for  use  in  the  field 
of  chemical  defense  and  most  of  th's  work  was  reported  at  the  annual 
Conference  on  Chemical  Defense  Research  sponsored  by  the  U.S.  Army 
Chemical  Research,  Development,  and  Engineering  Center  (CRDEC)  at 
Edgewood,  MD.  Microsensor  Systems.  Inc.  participated  in  this  research 
effort  by  fabricating  SAW  and  chemiresistor  sensor  devices  and  related 
electronics,  applying  candidate  coatings  to  the  sensor  devices,  evaluating 
the  sensor  responses  to  challenge  vapors,  and  designing  experiments  to 
test  hypotheses. 

C)  Automatic  Vapor  Generation  Systems 

Perhaps  the  most  labor  intensive  aspect  of  the  chemical  sensor 
develooment  program  at  NRL  was  chemical  vapor  testing  of  the  devices. 
Detailed  evaluation  of  sensor  performance  demands  that  each  sensor  be 
exposed  to  a  significant  number  of  different  gases  under  varying 
conditions  of  concentration,  composition,  temperature,  and  flow  rate. 
Cop.siderable  effort  was  expended  to  fabricate  fully  automated  system, s 
that  could  provide  a  dozen  source  vapors,  singly  or  as  binary  mixtures.  The 
final  vapor  generator  fabricated  for  this  program  (i.e.  "VG-7000")  offered 
fully  programmable  concentrations  over  a  range  of  5  orders  of  magnitude. 
The  use  of  a  novel  digital  pneumatic  pulse  width  modulation  scheme 
minimized  the  carrier  gas  consumption  to  a  mere  700  seem  while 
permitting  simple,  gravimetrically  calibrated  bubbler  vapor  sources  to  be 
used.  Complex  experiment  sequences  could  be  readily  programmed  to 
permit  days  of  unattended  operation. 


ILL _ FUTURE  RESEARCH  RECOMMENDATIONS 


The  chemical  sensor  development  program  was  highly  successf'.jl  in 
several  areas.  These  successes  serve  an  obvious  guide  to  promising 
research  programs  for  the  future.  Specific  areas  that  should  be  given 
attention  in  the  future  are  itemized  below. 

1 )  The  chemically  selective  coating  research  conducted  in  this  program 
led  to  a  considerably  clearer  understanding  of  how  SAW  coatings  and 
vapors  interact.  The  solubility  parameter  models  that  were  investigated 
during  this  research  will  most  certainly  prove  to  be  valuable  to  chemical 
sensor  developers  and  these  models  deserve  further  investigation.  Further 
exploitation  of  hydrogen  bonding  interactions  could  prove  to  be  a 
particularly  interesting  facet  of  future  research. 

2)  The  ability  of  chemical  sensor  arrays  to  discriminate  among  a  variety 
of  analyte  vapors  was  unambiguously  established  during  the  course  of  this 
work.  Further  development  of  SAW  array  sensors  should  be  an  important 
priority  for  future  research. 

3)  SAW  resonators  were  shown  to  be  a  superior  sensor  device  compared 
to  SAW  delay  lines,  owing  to  the  higher  frequency  stability  exhibited  by 
the  resonators.  Development  of  SAW  resonator  va^'or  sensor  devices  would 
certainly  be  worthwhile  in  the  future. 


8 


APPENDIX  OF  WRITTEN  REPORTS 

A.  SAW  Hardware  Development 

112  MHz  4  SAW  Array  Instrumeni 

52  MHz  Dual  SAW  Vapor  Sensor  Hardware 

158  MHz  Dual  SAW  Vapor  Sensor  Hardware 


A  Study  of  SAW  Oscillator  Performance:  SAW 
Resonators  vs.  SAW  Delay  Lines 


9 


APPENDIX  OF  WRITTEN  REPORTS 

B.  Research  Papers  Published  in  the  Proceedings  of  the  1 986 
U.S.  Army  CRDEC  Conference  on  Chemical  Defense  Research 


"Polvf ethylene  maieate)  Variant?  lor  SAW  Microsensor 

Coating  Study** 

A.W.  Snow,  D.S.  Ballantine,  T.  Whitney,  W.R.  Barger,  M.  Klusty,  H.  Wohitjen, 

J.  Grate,  D.  Chaput, 

Proceedings  of  the  1986  U.S.  Army  CRDEC  Conference  on  Chemical  Defense 
Research,  18-21  Nov.  1986,  (CRDEC-SP-87008)  pp.  695-703. 


"Limits  of  Chemical  Microsensor  Technology”. 

i  : 

J.S.  Murday,  S.  Caras,  H.  Wohitjen,  1 1 

I  Proceedings  of  the  1986  U.S.  Army  CRDEC  Conference  on  Chemical  Defense 

Research,  18-21  Nov.  1986,  {CRDEC-SP-87008)  pp.  405-413. 

1  I 

1  "Chemiresistor  Vapor  Sensor  Coatings;  Structure  and 

Properties”  1 

■ 

I  W.R.  Barger,  A.W.  Snow,  J.L.  Dote,  R.  Price,  M.  Klusty.  and  H.  Wohitjen, 

I  Proceedings  of  the  1986  U.S.  Army  CRDEC  Conference  on  Chemical  Defense 

1  Research,  18-21  Nov.  1986,  (CRDEC-SP-87008)  pp.  863-868. 


"Sorption  Kinetics  Measured  bv  Surface  Acoustic  Wave 

Shifts” 


D.  L.  Bartley,  D.  Domingue?,  W.R.  Barger,  A.W.  Snow,  ano  h.  Wohitjen, 

Proceedings  of  the  1986  U.S.  Army  CRDEC  Cohference  on  Chemical  Defense 
Research.  18-21  Nov.  1986,  (CRDEC-SP-87008)  pp.  82S  830. 


I 


APPENDIX  OF  WRITTEN  REPORTS 


C.  Research  Papers  Published  in  the  Proceedings  of  the  1987 
U.S.  Army  CROEC  Conference  on  Chemical  Defense  Research 


••Correlation  of  SAW  Vapor  Sensor  Responses  with 
Partition  Coefficients** 

J.W.  Grate,  A.VJ.  Snow,  D.S.  Ballantine,  H.  Wohitjen,  M.H.  Abraham, 

R.A.  Mcgill,  and  P.  Sasson 

Proceedings  of  the  1987  U.S.  Army  CRDEC  Conference  on  Chemical  Defense 
Research,  17-20  Nov.  1987,  {CRDEC-SP-88013)  pp.  297-303. 


"Synthesis  and  Evaluation  of 
Hexafluorodimethvicarbinol  Functionalized  Polymers  as 
SAW  Sensor  Coatings" 

LG.  Sprague,  A.W  Snow,  R.L.  Soulen,  J.  Lint,  H.  wohitjen,  D.S.  Ballantine, 

J.W.  Grate 

Proceedings  of  the  1987  U.S.  Army  CRDEC  Conference  on  Chemical  Defense 
Research,  17-20  Nov.  1987,  (CRDEC-SP-88013)  pp.  1241-1251. 


1 1 


APPENDIX  OF  WRITTEN  REPORTS 


D.  Optical  Waveguide  Research 


"Optical  Waveguide  Humidity  Detector” 
D.S.  Ballantine  and  H.  Wohitjen 
Analytical  Chemistry,  1986,  58,  pp.  2883  -2885 


APPENDIX  OF  WRITTEN  REPORTS 


E.  SAW  /  Chemiresistor  Studies 


"Simultaneous  Electrical  Conductivity  and 
Piezoelectric  Mass  Measurements  on  Iodine  Doped 
Phthalocvanine  Lanomuir-Blodoett  Films" 

A.W.  Snow,  VJ.R.  Barger,  M.  Klusty,  H.  Wohitjen,  and  N.L  Jarvis 

Langmuir,  1986,  2,  pp  513-519. 


"Surface  Acoustic  Wave  Sensors.  Chemiresistor 
Sensors  and  Hybrids  Using  Both  Techniques 
Simultaneously  to  Detect  Vapors" 

W.  R.  Barger,  M.  Klusty,  A.W.  Snow,  J.W.  Grate,  D.S.  Ballantine, 

and  H,  Wohitjen 

Proceedings  of  the  Symposium  on  Sensor  Science  and  Technology,  April  6  - 
8,  1987,  Case  Western  Reserve  Univ.,  B.  Schumm,  C.C.  Liu,  R.A.  Powers,  and 
E.B.  Yeager  eds..  The  Electrochemical  Soc.  Proceedings  Volume  87-15, 
pp.  198-217.  (Lib.  of  Cong.  #  87-83041) 


13 


APPENDIX  OF  WRITTEN  REPORTS 

=.  SAW  Coating  Studies 

;AW  Device  Coating  Responses  with 
Solubility  Properties  and  Chemical  Structure  Using 
Pattern  Recognition" 

D.S.  Ballantine,  S.L  Rose.  J.W.  Grate,  and  H.  Wohitjen 
Analytical  Chemistry,  1986,  58,  pp  3058*3063. 


"Determination  of  Partition  Coefficients  from  Surface 
Acoustic  Wave  Vapor  Sensor  Responses  and  Correlation 
with  Gas-Llouid  Chromatographic  Partition 
Coefficients" 


J.W.  Grate,  A.W.  Snow,  D.S.  Ballantine,  H.  Wohitjen,  M.H.  Abraham, 

R.A.  McGill,  and  P.  Sasson 

Analytical  Chemistry,  1988,  60,  pp.  869-875. 


•The  Use  ot  Partition  Coefficients  and  Solubility 
Properties  to  Understand  and  Predict  SAW  Vapor  Sensor 

Behavior" 


J.W.  Grate,  A.W.  Snow,  D.S.  Ballantine,  H.  Wohitjen,  M.H.  Abraham, 

R.A.  McGill,  and  P.  Sasson 

Proceedings  of  the  International  Conference  on  Solid  State  Sensors  and 
Actuators,  "Transducers  '87",  Tokyo,  Japan,  June  6-9, 1987 


APPENDIX  OF  WRITTEN  REPORTS 


G.  Vapor  Generation  Systems 


"An  Automated  Vapor  Generation  and  Data  Collection 
Instrument  fnr  the  Evaluation  of  Chemical 
Microsensors" 

J.W.  Grate,  D.S.  Ballantine,  H.  Wohitjen 
Sensors  and  Actuators,  11,  (1987)  pp.  173-188. 


"VG-7000  Automatic  Vapor  Generation  System 
Operating  Manual" 


THE  US.  NAVAL  RESEARCH  LABORATORY 


SURFACE  ACOUSTIC  WAVE  VAPOR  SENSOR  SYSTEM 


CONTENTS 


I.  System  Description 

II.  Set  Up  Procedure 


III.  Operating  Procedure 


1 


].  SYSTEM  DESCRIPTION 


Tlie  Surface  Acoustic  Wave  (SAW)  vapor  sensor  system  consists  of  an 
array  of  four  1 12  MHz  dual  delay  line  oscillators.  Each  oscillator  device  has 

t 

one  side  coated  with  a  selective  organic  film  chosen  for  its  ability  to  absorb 
organophosphorus  compounds  (i.e  ”G‘  agents  or  their  simulants).  In 
addition  to  the  four  SAW  devices  and  their  associated  RF  support 
electronics,  the  system  also  contains  regulated  DC  power  supplies  to  permit 
operation  from  120  Volt  60  Hz  power  sources,  interface  electronics  for 
communication  with  an  APPLE  II  microcomputer,  an  air  pump  to  draw 
ambient  air  across  the  sensors,  an  air  scrubber  to  provide  a  source  of  clean, 
dry  reference  air,  and  a  solenoid  valve  with  TTL  drive  electronics. 

In  normal  operation  the  SAW  sensors  provide  a  signal  which  is  the 
difference  frequency  between  the  clean  and  coated  oscillator  of  each 
sensor.  This  signal  is  processed  into  a  TTL  compatible  pulse  train  whose 
frequency  is  determined  by  four  frequency  counters  which  are  plugged 
directly  into  the  APPLE  II  interface  slots  *  l,2,3,and4.  The  difference 
frequencies  obtained  from  each  sensor  are  usually  in  the  range  of  100  to 
600  kilohertz.  Ambient  air  is  drawn  across  each  sensor  witL  suction  from  a 
small  (but  very  noisy)  air  pump.  An  electric  solenoid  valve  is  used  to 
control  the  air  exposed  to  the  sensors.  This  valve  is  controlled  through  a 
cable  which  is  plugged  into  the  APPLE  11  game  controller  intorface  socket 
It  can  select  either  ambient  air  or  ambient  air  which  has  been  scrubbed 
with  Drierite  and  charcoal.  By  switching  back  and  forth  between  these  two 
sources  of  air  it  is  possible  to  obtain  accurate  compensation  of  baseline 
drift  This  system  works  on  a  three  minute  cycle  in  which  the  sensors  are 
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exposed  to  scrubbed  reference  air  for  one  minute,  contaminated(perliaps) 
ambient  air  for  one  minute,  and  scrubbed  reference  air  for  tbe  final 
minute.  The  APPLE  II  computer  controls  tbe  sequencing  of  the 
meastirement,  the  acquisition  and  processing  of  experimental  data,  and 
printing  (on  paper)  and  storage  (on  disk)  of  the  results  of  each  three 
minute  measurement  The  system  can  run  unattended  until  the  disk  is  full 
of  data.  Approximately  dO  three  minute  measurements  can  be  stored  (i.e. 
60  disk  files).  Thus  a  minimum  of  four  hours  of  unattended  operation  is 
possible. 

The  experimental  results  are  available  in  hardcopy  which  is  not  easily 
interpreted  at  a  glance.  It  was  not  possible  to  develop  more  elegant  data 
processing  software  in  the  time  available.  Therefore,  it  is  important  that 
the  disks  containing  the  raw  data  be  returned  to  NRL  after  the  field  test  so 
that  the  results  can  be  worked  up  into  human  compatible  form  (i.e.  graphs 
and  pictures). 


n/cf^oi^E/^soR  sysTFns,  inc 


SURFACE  ACOUSTIC  WAVE 
VAPOR  SENSOR  ARRAY 

112  MHz 


tx.  D  E  a  u  c-  5C  Qt  O 
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DUAL  SAW 
VAPOR  SENSOR 


II.  SET  UP  PROCEDURE 


Putting  the  SAW  vapor  sensor  to  work  is  straightforward.  The  following 
sequence  can  be  performed  to  get  things  going. 

1.  Position  the  Equipment 

The  APPLE  II  microcomputer^printer.display.disk  drive,  and  SAW 
sensor  package  must  all  be  located  near  to  each  other  since  the  connecting 
cables  are  all  rather  short  The  sensor  package  will  be  placed  on  top  of  the 
APPLE  II.  The  display,  printer,  and  disk  drive  will  have  to  be  placed  on 
either  side  of  the  computer.  The  sensor  package  power  supplies  get  hot 
and  need  adequate  ventilation. 

2.  Plug  in  Cables  and  Interface  Cards. 

The  following  interface  cards  must  be  plugged  into  the  APPLE  II: 

a.  Four  Frequency  Counter  Cards ;  Slots  *  l,2,3,and  4. 

b.  Printer  interface  card  ;  Slot  •5- 

c.  Disk  Controller  card  ;  Slot  *6 

Slots  '0  and  *1  will  be  empty. 

The  following  cables  must  be  plugged  into  the  APPLE  II: 

a.  Cable  irom  sensor  package  to  Game  Controller  socket.  (NOTE:  be 
careful  of  polarity  !) 

b.  Cable  from  APPLE  II  video  output  to  display  monitor. 

c.  Disk  Controller  cable  from  interface  to  disk  drive. 
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d.  Printer  cable  from  interface  to  printer. 

e.  Power  cable  from  1 2  Ov  60  Hz  outlet  to  APPLE  1 1  power  supply. 


Tbe  following  cables  must  be  connected  to  tlie  sensor  package: 

a.  Cable  from  APPLE  II  frequency  counters.  (Tliick  black  bundle) 

b.  Power  cable  to  120  v  60  Hz  power  outlet 

3.  Attach  Air  Connections  to  Sensor  Package. 

a.  Connect  ambient  air  sampling  line  to  I  /6'  SWAGELOK  ambient  air 
inlet  connector.  Air  presented  to  the  sensor  inlet  must  not  be 
pressurized.  It  must  be  at  ambient  pressure. 

b.  Connect  air  scrubber  to  I/d"  SWAGELOK  scrubber  inlet  The 
scrubber  should  be  ejcamined  daily.  If  the  indicating  Drierite  has 
turned  from  blue  to  pink  over  90Z  of  the  length  of  the  Drierite  bed 
then  it  must  be  replenished  along  with  the  charcoal.  This  will 
probably  be  required  every  6  hours  the  system  is  pumping  air. 


AMBICPIT  tSlET  STRtAM 


1Z0V  60HZ 


III.  OPERATING  PROCEDURE 


Once  the  system  has  been  set  up  it  should  be  double  checked  before 
power  is  applied.  When  satisfied  that  everything  is  OK,  then  the  system 
can  be  powereu  up.  The  order  is  not  critical  but  the  following  switches 
must  be  turned  ’ON": 

a.  Power  switch  on  sensor  package  (near  fuse). 

b.  Video  display  power. 

c.  Printer  power.  (Also,  make  sure  printer  is  *0N  LINE'  or  the  system 
will  hang  up  until  it  is  on  line). 

d.  APPLE  II  power  switch. 

Turning  on  the  APPLE  II  power  will  automatically  cause  it  to  "boot' 
itself  by  loading  programs  from  disk.  Once  the  cursor  appears  on  the 
display  it  is  a  good  idea  to  look  at  the  ‘CATALOG*  of  the  disk.  If  the  catalog 
indicates  the  diskette  has  many  data  files  on  it  (e  g.  more  than  20)  then  a 
new  diskette  should  be  used  if  more  than  a  few  hours  of  data  is  to  be 
taken. 

To  start  the  vapor  sensor  it  is  necessary  to  type  the  following 
commands  (always  in  CAPITAL  LETTERS  followed  by  hitting  the  'Return' 
key); 

IRUNCRDCSAW 

The  disk  will  run  for  a  few  seconds  and  then  a  few  questions  will 
appear  on  the  monitor  screen  which  ask  for  date,  file  name,  and  some 
descriptive  information.  Enter  whatever  is  appropriate  as  long  as  the  entry 
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is  less  than  atx)ut  100  characters  long.  Hit  ‘return’  to  proceed  after  each 
question.  The  only  critical  entry  is  the  file  name.  Care  must  be  taken  not  to 
duplicate  previously  used  names  unless  the  previous  files  are  expendable. 
The  system  will  print  a  few  things  on  the  printer  (make  sure  it's  ‘ON  LINE" 
!)  and  then  will  proceed  to  take  data  from  the  iAW  sensors.  The  computer 
will  take  about  a  minutes  worth  of  data  to  get  things  started  and  then  will 
begin  its  3  minute  measurement  cycle.  At  the  end  of  each  cycle,  the 
computer  will  save  the  raw  data  in  a  disk  file  and  print  some  processed 
results  on  the  printer. 

To  stop  the  system  at  any  time,  hit  the  escape  key  (marked  ISC') 

If  things  are  really  going  wild,  hit  the  control  (marked  ’CTRL’)  and 
Rese^.  keys  ;‘.imultaneously.  Then  start  over  by  typing  RUN  CROC  SAW. 

Thats  all  there  is  to  it.  Once  the  system  is  set  up  all  that  is  required  is 
to  turn  on  the  power  switches  and  start  the  APPLE  II  data  acquisition 
program  (CRDC  SAW). 

Problems,  complaints,  and  inquiries  should  be  brought  to  the  attention  of 

Hank  Wohltjen 

(703)  250-5336  (Microsensor  Systems,  Inc.) 

(202)  767-2536  (Naval  Research  Lab) 

(703)  250-7932  (Home) 
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t  REM 

2  REM  * 

3  REM  •  SAW  TEST 

4  REN  ♦ 

5  REM  * 

6  REH  * 

7  REM  * 
a  REN  » 

9  REM  *  BY 

10  REM  * 

11  REM  *  MICROSENSOR  SYSTEMS 

12  REM  «  INC. 

13  REM  *  R.O.  tOX  90 

14  REH  »  FAIRRAX .VIRGINIA 

15  REM  *  22070 

19  REM  » 

20  REM 

101  REM  * 

102  REM  *  SLOT  ASSIGNMENTS 

104  REM  * 

105  REM  • 

106  REH  *  SLQTttO  «  BO  COLUMN  CARD  (OFTICNALJ 

107  REM  *  SLCTIH  3  FREQ. COUNTER  4 I 

lOQ  REM  ♦  SL0Ti»3  *  FREO.  COUNTER  «2 

109  REM  *  SLOTHS  -  FREO. COUNTER  43 

no  REM  •  SL0T44  3  FREQ.  COUNTER  44 

111  REM  *  SL0T4S  *  PRINTER  INTERFACE 

112  REM  *  SL0T«6  *  DISK'  CONTROLLER 

113  REM  *  SL0T»7  3  <EMPTV> 

199  REM 

200  REM 

990  REM  ^x******************* 

99 1  REM  • 

V92  REM  *  IMIT  PARAMETERS 

993  REM  • 

?99  REM 

lO'OO  HI  MEM:  ES.rujO 
1010  TEXT 
1020  ll^^:E 
1 030  0 1 M  RF  ( 3 , 2.70 ) 

1040  DIM  017.  (4,1  Yi) 

1050  DIM  D27(4,10) 

1060  DIM  037.  (4,10) 

1100  DIM  FR(4,i2) 

1 1 10  DIM  FF (4 , 10) 

1120  DIM  FA  (1.1) 
ll.;0  DIM  XI  (G) 

1140'  DIM  X2(3) 

1150  DIM  yi(5) 

1160  DIM  V2 (5) 

1170  DIM  SIG(5) 

1200  T7  =  0 
1210  N  3  O 
1720  or.:  =  70 
1230  DU  3  0 
1240  F5  3  100i!i 
1250  CY  3  0 
1300  UX  3  49796  . 


i.CM  .  Tur.:;  Cf:Lr:^jrji:>  r,ti 

Khii  • 

IF  N  -  SO  ^HE^J  Z2  =  FEE':  ('•.'?r40);  FFINT  L I NG' 

r-.r.n  • 

r,EM  *  Tur.N  SOI. LUO  in  off 
REM  * 

REM  • 

IF  N  a  SF  THEN  22  =  FEEk'  PRINT  ’•PURGING  • 

REM  • 

REM  *  G'rvHD  SRW  FREDS. 

REM  * 

GOSUO  23000 
REM  * 

REM  *  CHECK  STATUS  OF  ESC 
REM  * 

GOSUB  30000 
NEXT  N 
REM  * 

REM 
REN  » 

REM  *  COMPUTE  PERI,  SIZE 
REM  • 

GOSUB  33000 
REM  * 

REM  *  SAVE  DATA  ON  DISK 
REM  • 

GOSUB  53000 
REM  * 

REM  »  PRINT  RESULTS 
REM  * 

GOSUB  3600'.'i 
GOTO  3100 
REM  * 

REN  * 

REM  • 

REM  * 

REM 
REM  * 

REN  ERROR  HANDLER 

REM  * 

REM  «**•*'»»•*••«***•**«••« 

TEXT 

HOME 

PRINT  :  PRINT 
JU  »  PEER-  (233) 

PRINT  :  PRINT 
PRINT  :  PRINT 
PRINT  "ERROR  #  »  "jJL 

PRINT  :  PRINT  ••ERROR  MEANS  DISI'  FULL* 

PRINT  :  PRINT 

PRINT  -insert  ANOTHE  ;  DISK  IF  REOUIRED" 

F'RINT  :  FIJINT 
print  :  PRINT 


50&0 

GOTO 

9V99 

END 

r50<!»0 

REM 

•  « 

r«irii 

* 

REM 

« 

REM 

rsoo.4 

REM 

# 

rsoos 

REM 

22006 

REM 

• 

25009 

REM 

250 1 7 

REN 

■*  » 

ZSi’CO 

REM 

* 

25  .CO 

A  ^  4 

7*^ 

25050 

rii  = 

0 

25060 

VTAC 

1 

FREOUENC'i'  DATA  ACOUISITION 
RUuriNE 


0=FREOUENCY 


23070 
25000 
25090 
25092 
25094 
25 1 00 
25200 
25400 


PRINT  "REAL  TIME  DATA"; 

VTAB  17:  HTAB  3 

'  PRINT  "ELAPSED  TIME  SAW  FRED 
VTAD  10:  hTAB  3 

PRINT  " -  - 

ZZ  a  PEEK  (A) 

IF  ZZ  a  E53  THEN  GOTO  25100 
K'K  a  KIC  *  1 


DELTA": 


23497 

REM  • 

2549B 

REM  •»•••«•«••••« 

25499 

REM  * 

25300 

B 1  7.  ( 1  ,  KK )  =■  PEEK 

(47290) 

25502 

B27.  (1,KK)  =  PEEK 

(49299) 

25504 

B37.  (1,KK)  =  PEEK 

(49300) 

25506 

ZZ  =•  PEEK  (49302) 

25510 

B17.(2,KK)  =  PEEK 

(49314) 

25312 

B27.  (2,KK)  =  PEEK 

(49315) 

25514 

B3/.  (2,KK)  =  PEEK 

(49316) 

25516 

ZZ  a  peek  (49318) 

25520 

&17.  (3,KK)  =  PEEK 

(49330) 

25522 

D27.  (3,KK)  a  PEEK 

(47331) 

25524 

B37.  (3,KK)  a  peek 

(49332) 

25526 

2Z  =  PEEK  (49334) 

25530 

B17.<4,KK)  a  PEEK 

(49346) 

B27.  <4,K)0  =  PEEK 

(49347) 

25534 

B3V.  ( 4  ,  KK )  a  peek 

(49343) 

25536 

ZZ  =  PEEK  (49350) 

25597 

REM  * 

25598 

REM  ***■»■»■»■••**♦*■»♦***•»•* 

25599 

REM  * 

25600 

ZZ  =  PEEK  (A) 

25610 

IF  ZZ  a  127  THEN 

GOTO  2' 

25690 

REM  * 

25693  REM  ****************** 

25696  REM  * 

25710  IF  KK  =  2  THEN  GOSUB  2E000 

25720  IF  KK  >=  3  THEN  GQSUB  27000 

25740  IF  KK  »  4  THEM  GOSUB  29000 

25790  IF  KK  <  10  THEN  GOTO  25100 

25S00  IF  KK  «  10  THEN  GOSUB  26000 
25900  GOSUB  31000 
25990  RETURN 

26000  REM  *»'»****•******»***■»» 

26003  REM  * 

26004  REM  *  CALC.  AVG.  FREQ. 

26009  REM  * 

26010  REM  *►«'»****■**<***♦**♦* 

26100  FOR  I  “  0  TO  3 
26110  AV  »  0 

26120  FOR  J  =  2  TO  10  STEP  2 
26130  AV  =  AV  +  FR(I,J) 

26140  NEXT  J 
26150  FA (I)  =  AV  /  4 
26300  NEXT  I 
26990  RETURN 

27000  REN  ■••***■*****■»»»****» 

27003  REM  * 

27005  REM  *  PRINT  RESULTS 

27009  REM  * 

27010  REM  ♦■**•**♦**♦**♦*■»♦*•-♦ 

27100  HTAB  5 

7.7 1  1 0  VTAD  2 1 

27120  PRINT  T;  MIN.  ; 

27200  FOR  I  =  O  TO  3 
27210  VTAD  (21  +  1) 

27215  HTAD  IS 

27220  PRINT  l;  -=  ; 

27230  HTAB  22  ’ ' 

27240  PRINT  Fd); 

27300  NEXT  I 

27000  T7.  =  T7.  +  2 

27S20  T  =  T7.  /  10 

27900  IF  T  >  5.0  THEN  T  =  O 

27990  RETURN 


2C002 

REM  » 

28003 

REM  • 

5  POINT  SMOOTH 

28009 

REM  . 

28010 

REM  •• 

raioo 

FOR  I 

a  0  TO  3 

20300 

FF (1,5) 

-  PF<I ,4) 

23310 

'^•=•(1,4) 

a  FF  (  I  ,3) 

28320 

FF(I ,3) 

=  FF( I ,2) 

23330 

FF(I ,2) 

=•  FF  ( I  ,  1 ) 

23340 

FF(I , 1 ) 

a  PA(I) 

28500 

Ffl)  a 

FF(I,1)  FF(I,2) 

28600 

F<n  a 

INT  (F(I)  /  5) 

23700 

NEXT  1 

23990 

RETURN 

29000 

REM  •* 

29001 

REM  * 

29005 

REM  * 

FIND  DERIVATIVE 

29009 

REM  * 

29010 

REM  ** 

29100 

FOR  I 

a  0  TO  3 

29r00 

29300 

29330 

29340 

29330 

29360 

293S0 

29400 

29990 

30000 

30001 

30003 

30004 
300 1 0 
300 1  9 
30230 
30260 
30267 

30270 
30272 

30275 

30276 

30277 

30278 
30230 
30209 
30290 

30271 

30292 

30293 
30300 
30^33 

304  00 
304S0 
30300 

305  iO 
30530 
30560 

30ti<'»<;» 

30*^00 


status  checker- 


D<n  -  Rd)  -  OP  (I) 

OR  ( I )  =«  F  (  I ) 

HTAD  33 
VTAP  <31  +  I> 

PRINT 
HTAD  32 
PRINT  Dd)  ; 

NEXT  I 
RETURN 

REM  ***•******♦*****«*•»•**,,*,,** 

REM  * 

REM  *  STATUS  CHECKER 
REM  * 

REM  * 

REM  ^ 

IN  a  PEEK  (491S2):  POK'E  49163,0 
IF  IN  <  >153  THE.N  RETURN 

TEXT  :  HOME 
VTAD  21 

INPUT  "STORE  DATA  AND  OUIT  ?  (Y  OR  N)  :  '-J, 
IP  ai-  a  "Y"  THEN  G03UP  33000:  END  ' 

INPUT  COLLECT  MORE  DATA  2  <Y  OR  N)  :  "•QT 
IF  QJ.  a  "N"  THEN  FND  *  ' 

HOME 

return 

REM  *•***♦>*.**♦*,***,**,,.* 

REM  * 

FFM  •  Pl.OT  DATA 

REM  • 

REM  *•**••*»•*«***,**,,,,,„ 

IF  GG  a  0  THEN  RETURN 
RETURN 

FOR-  I  =  0  'IQ  3. 

D  a  o<n 

Y  =  DD  -  20  *  (D  /  FS) 

IF  Y  <  0  then  y  =  0 
IF  Y  >  40  THEN  Y  a  4i-i 
PLOT  N,Y 
NEXT  I 

return 


Pl.OT  DATA 


RETURN 


'•1000  RtiM 

3101.11  .  REM  • 

31005  REM  •  REASSIGN  DATA 

3100'?  REN  • 

31010  REM  •**•.•*»**•»**»•*•• 

31100  FOR  I  »  O  TO  3 

31120  RF(I,FP)  =  FA(I) 

31200  FOR  J  »  1  TO  10 

31300  FR(I,JI  »  (BlV.tl  +  1,J)  *  65536)  ♦  {B2X(I  ♦  1,J)  *  256)  *  33*4(1  +  1 

31400  NEXT  J 

31440  FR(I , 1 )  =  FR( I ,2) 

31500  NEXT  I 
31990  RETURN 

35000  REM  ********■*•»******■»***** 

35001  REM  * 

35003  REM  *  COMPUTE  PEAK  SIZE 

35009  REM  * 

35010  REM 


35100 

SP  =« 

0 

35200 

FOR 

I  =  ' 

0  TO  3 

35300 

S3  = 

OiES 

=  0:  IS  =«  0:CC  =  0 

35400 

ss  =• 

RF(I 

,S0)  ♦  RF(I , (SO  -  1)1 

35430 

ss  = 

SS  / 

2 

3oo00 

ES  =« 

RF(I 

,  (SF  ♦  2)  )  -►  RF(I,  (SF  * 

3)  ) 

3o5-^0 

ES  » 

ES  / 

2 

35600 

SL  = 

(ES 

-  SS)  /  ((SF  -  SO)  ♦  2) 

35700 

FOR 

J  = 

(SO  +  1)  TO  (SF  +  1) 

35710 

CC  « 

CC  ♦ 

1 

35720 

IS  =» 

IS  * 

(RF(I,J)  -  (SS)  -  (SL 

*  CC)  ) 

35730 

NEXT  J 

35300 

SIG(I)  » 

INT  (IS  /  CO 

359i;i0 

NEXT  I 

35990 

RETURN 

36000 

REM 

«**•» 

36001 

REM 

36005 

REM 

PRINT  RESULTS 

36009 

REM 

« 

36010 

REM 

36020  CY  =  CY  1 

36025  PRINT  CHRf  < 4 )  ;  "PRltS” 

36030  PRINT  N.f;  TAB  (  12);SIG(0);  TAB(  12).;SIG(1);  TAB  (  12);SIG(2);  TAB  ( 
12) ;SIG(3) 

36035  PRINT 

36040  PRINT  CKR-T  ( 4 )  ;  ••pR«0" 

36050  HOME 

36055  VTAB  2:  HTAB  5 

36060  PRINT  "Z  MINUTE  SAMPLE  -V  PURGE  RESULTS'* 

36070  VTAB  4;  HTAB  16 
360G0  PRINT  "CYCLE  H";CY 
36090  PRINT 
36100  PRINT 
36200  FCR  I  =  0  TO  3 

36300  PRINT  "SENSOR  PEAK  HEIGHT  (HZ)  =«  ''jSlGd) 

3640-J  NEXT  I 
36990  RETURN 


ZOOOl 

nr 

KtM 

•  •  « 

• 

50002 

REM 

* 

COORD INOTE  PLOTTER 

S0003 

TnEM 

• 

S0004 

RE  11 

• 

SCO  to 

REM 

•  •  • 

Z0020 

GG  - 

1 

SO'jOS 

RETURN 

S0090 

HCCLUR= 

7 

SO  too 

HOME 

so  t  1  0 

HGr<r 

so  120 

HPLOT  0 

,0  TO  0,159 

SO  ISO 

HFLOT  0 

,79  TO  200,79 

S0200 

FOR  Q  = 

0  TO  159  STEP  15.9 

50210 

HPLOT  0 

,0  TO  3,0 

50220 

NEXT  Q 

SOSOO 

FOR  Q  » 

0  TO  200  STEP  20 

SOS  10 

HPLOT  Q 

,77  TO  0.81 

S0S20 

NEXT  0 

50900 

RETURN 

51000 

REM  **• 

51001 

REM  • 

51004 

REM  * 

INPUT  EXPERIMENTAL 

51005 

REM  * 

PARAMETERS 

51019 

REM  * 

51020 

REM 

51 100 

VT^ID  21 

!  HTAD  1 

51 1  10 

INPUT  ’• 

DATE  :  “;M* 

51120 

INPUT  •• 

FILE  NAME  :  “iFS 

51140 

input  - 

DESCRIPTION  :  “;A* 

51150 

INPUT  ■ 

TEST  ATMOSPHERE  :  “jP^ 

51900 

RETURN 

52000 

REM  *«• 

52001 

REM  * 

52004 

REM  • 

OUTPUT  EXPERIMENTAL 

52005 

REM  • 

PARAMETERS 

52019 

REM  * 

52020 

REM  «•< 

52100 

PRINT 

CHRt  <4);”FRn5" 

52 1  1 0 

PRINT 

SAW  DATA  SUM 

MARY" 

ZCiZO 

PRINT 

52140 

PRINT 

52142 

PRINT 

'DATE  5  '•-.Mr 

52140 

PRINT 

'ATMOSPHERE  :  ";P* 

521A0 

PR  I N  r 

•file  name  :  “jFT 

52180 

PRINT 

•DESCRIPTION  ;  "jAJ 

PRINT 

PRINT  :  PRINT 

52240 

PRINT 

•SENSOR  O  :  ABIETIC  ACID 

(70 

KHZ) 

PRINT 

■SENSOR  1  :  FCLYAMIDOXIME 

(98 

lOlZ ) 

s::::60 

PRINT 

■SENSOR  2  :  POLY (ETHYLENE  NALEATE) 

(90 

KHZ  ) 

52270 

PRINT 

••SENSOR  3  :  FLUORO  POLYOL 

(  1 07 

KHZ)  •• 

52280 

PRINT 

PRINT  :  PRINT 

5x^*7  0 

PRINT 

FREQUENCY  SHIFT  (HZ)  AFTER  3 

MIN.  EXPOSE  AND 

PURGE 

E" 

52295 

PRINT 

52S00 

PR  I  NT 

"FILE  NAME  SENSOR  0  SENSOR  1 

SENSOR  2 

SENSOR 

zzzzo 

PRINT 

Z2ZA0 

PRINT 

S28<'m'> 

PRINT 

CHRT  (4);"FRltO" 

52900 
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GENERAL  SAW  VAPOR  SENSOR  CONSIDERATIONS 


Theoretical  Model  of  SAW  Sensor  Response 

The  signal  provided  by  a  SAW  oscillator  vapor  sensor  can  be  described  by  the 
following  theoretical  equation  (4): 


^2.  f  =  (k,  >  1^2)  fQ  h  p' 


(1) 


where  Af  is  the  SAW  oscillator  frequency  change  produced  by  the  vapor  absorbed 
into  the  coating,  k-j  and  k2  are  material  constants  for  the  piezoelectric  substrate,  f^  is 

the  unperturbed  resonant  frequency  of  the  SAW  oscillator,  h  is  the  coating  thickness,  p’ 
is  the  coating  density,  ^i’  is  the  shear  modulus  and  X  is  the  Lame'  constant  of  the 
coating,  and  is  the  Rayleigh  wave  velocity  in  the  piezoelectric  substrate  (3159  m/sec 

for  Y-X  Quartz).  This  relationship  assumes  that  the  SAW  device  coating  is  isotropic 
and  non-piezoelectric  and  that  the  coating  covers  100%  of  the  delay  line  surface. 
Furthermore,  the  relationship  is  valid  only  for  very  thin  films  (e.g.  less  than  0.2%  of  the 
acoustic  wavelength  thick).  For  thicker  films,  equation  1  can  only  provide  estimates  of 
the  signal  magnitude.  When  organic  coatings  are  employed,  it  is  often  found  that  the 
second  term  of  equation  1  is  negligible  because  the  shear  elastic  modulus  of  the 
coating  (  p.'  )  is  small  compared  to  the  square  of  the  Rayleigh  wave  velocity  (Vp). 

Under  these  conditions,  equation  1  reduces  to: 

r  =  (k,  ♦  k2)  fg  h  p'  (2) 

For  Y-X  Quartz  SAW  devices,  k^  =  *9.33  x  10*®  m^-sec/kg  and  k2  =  -4.16  x  10*® 

m^-sec/kg.  The  product  of  the  coating  thickness  (h)  and  its  density  (p')  is  the  mass  per 
unit  area  on  the  device  surface.  Equation  2  predicts  that  the  signal  obtained  from  a 
given  mass  loading  (h  p‘  product)  will  increase  with  the  square  of  the  operating 
frequency  of  the  SAW  oscillator.  Furthermore,  operating  frequency  determines  the  size 
of  the  device  since  it  imposes  size  requirements  on  the  interdigital  electrodes  used  to 
generate  the  Rayleigh  surface  wave.  As  the  operating  frequency  increases,  the  device 
area  (and  cost)  decreases.  Higher  operating  frequencies  permit  thinner  coatings  to  be 
employed  with  a  corresponding  improvement  in  response  time  since  vapor  diffusion 
into  the  coating  will  be  quicker.  Higher  operating  frequencies  also  result  in  greater 
baseline  noise  that  hinders  detection  at  the  lowest  concentrations.  All  of  these 
considerations  result  ia  a  set  of  scaling  laws  (detailed  in  reference  6)  that  can  offer 
guidance  in  predicting  the  ultirnate  performance  capabilities  of  SAW  vapor  sensor 
technology.  The  key  assumption  in  these  predictions  is  that  the  sensitivity  increases 
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with  the  square  of  the  frequency.  Several  experimental  studies  have  indicated  that  this 
assumption  is  valid. 

SAW  Vapor  Sensor  System  Description 

The  SAW  devices  employed  in  this  system  have  a  nominal  frequency  of  52  MHi .  In 
fact,  the  devices  are  capable  of  operating  at  a  number  of  resonant  modes  in  the 
frequency  range  of  50  to  54  MHz.  A  dominant  resonance  is  often  observed  at  52.3 
MHz.  A  dual  SAW  delay  line  osdilator  configuration  is  employed  in  the  system.  In  this 
design,  two  SAW  delay  lines  are  fabricated  on  the  same  substrate.  One  delay  line  is 
coated  with  the  chemically  selective  film  and  the  other  is  left  uncoated.  The 
frequencies  of  the  two  delay  line  oscillators  are  mixed  to  provide  a  frequency  equal  to 
the  difference  of  the  two  oscillator  frequencies.  In  principle,  frequency  drifts  caused  by 
ambient  temperature  and  pressure  fluctuations  experienced  by  the  SAW  device  are 
compensated  by  this  scheme.  (Note:  mechanical  stresses  imposed  by  thermal 
expansion  of  mounting  fixture  in  this  particular  system  can  cause  uncompensated  drift.) 
This  approach  affords  the  additional  advantage  that  the  difference  frequency  is  much 
lower  (e.g.  a  hundred  KHz)  than  the  frequency  of  the  oscillators  themselves  (i.e.  52 
MHz).  This  makes  it  much  easier  to  measure  the  SAW  vapor  response  using 
inexpensive,  digital  counter  circuitry.  Theoretically,  when  a  clean  device  is  in  the 
system  the  two  delay  lines  on  that  device  should  resonate  at  exactly  the  same 
frequency  and  the  difference  frequency  should  be  0  Hz.  In  practice  the  two  delay  lines 
are  not  exactly  the  same,  nor  are  the  matching  networks  associated  with  the  RF 
electronic  system.  As  a  result  the  two.  uncoated  delay  lines  typically  resonate  at 
slightly  different  frequencies  thereby  providing  a  non  zero  difference  frequency.  In  fact, 
this  nonzero  difference  frequency  is  desireable  since  it  keeps  the  two  oscillators  from 
"locking*  on  to  each  other.  The  appearance  of  a  zero  output  frequency  is  usually 
indicative  of  an  oscillator  malfunction  due  to  faulty  electrical  connections,  excessive 
mass  loading,  or  shorted  device  electrodes.  The  existence  of  a  nonzero  output 
frequency  from  the  mixer  can  cause  confusion  when  an  inexperienced  person  is 
attempting  to  coat  the  device.  Coating  one  side  of  the  device  (e.g.  delay  line  #1)  will 
cause  the  frequency  to  increase  while  coating  the  opposite  side  of  the  device  (i.e. 
delay  line  #2)  will  cause  the  frequency  to  decrease.  It  is  usually  desireable  to  coat  the 
side  that  causes  the  frequency  to  increase  (i.e.  the  lower  frequency  oscillator)  since  the 
system  becomes  erratic  when  the  difference  frequency  approaches  within  about  10 
KHz  of  zero.  Care  must  be  taken  to  make  sure  that  the  uncoated,  reference  delay  line 
is  indeed  clean  after  the  other  side  has  been  coated.  Contamination  present  on  the 
reference  device  will  produce  a  signal  that  is  subtracted  from  that  produced  by  the 
coated  side.  Wiping  the  reference  side  of  the  device  with  a  Q-tip  soaked  in  solvent  is 
sometimes  useful  to  guarantee  its  cleanliness. 

The  actual  design  of  the  52  MHz  dual  SAW  vapor  sensor  device  is  illustrated  in  figure 
1  &  2.  The  device  is  available  in  two  configurations.  Part  number  SD-52-A  has  a 
common  ground  connection  for  each  of  the  four  SAW  interdigital  transducers.  This 
permits  easier  installation  of  the  device  into  the  holder.  Part  number  SD-j2-B  has  a 
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separate  ground  connection  for  each  transducer  and  is  attractive  when  simultaneous 
mass  and  conductivity  measurements  are  to  be  performed.  The  separate  ground 
minimizes  RF  noise  pickup  by  the  sensitive  electrometer  circuitry  used  to  measure 
conductivity  in  very  weakly  conducting  films.  The  “chips"  are  fabricated  on  ST-Quartz 
using  gold  metallization  on  top  of  a  thin  adhesion  layer  of  tungsten/titanium.  The 
electrode  configuration  was  selected  to  provide  a  reasonably  high  resonant  Q  and  a 
substantial-  area  of  bare  quartz  available  for  the  coating.  The  entire  surface  of  each 
SAW  delay  line  is  uniformly  sensitive  to  materials  placed  there  and  application  of  films 
over  the  metal  electrodes  is  fine  unless  the  film  material  is  conductive.  In  normal 
applications  it  is  desireable  to  coat  100%  of  the  delay  line  surface  (including  the 
electrodes)  since  this  results  in  the  greatest  sensitivity.  Coating  only  50%  of  the  device 
surface  will  yield  a  frequency  shift  that  is  only  half  of  that  predicted  by  the  theoretical 
equations.  Overall  size  of  the  chip  is  1 .5cm  x  2.5  cm. 

The  mass  detection  limit  of  the  SAW  device  depends  on  the  signal  to  noise  ratio 
provided  by  the  sensor.  The  signal  produced  for  a  given  mass  loading  is  determined 
by  the  operatinr  frequency  of  the  device  and  the  percentage  of  active  area  used.  The 
noise  is  determined  by  the  SAW  oscillator  stability.  A  frequency  stability  of  1  part  in 
10^  measured  over  a  1  second  interval  is  typically  achievable  with  this  system.  This 
translates  into  a  baseline  noise  level  of  less  than  +/-  5  Hertz  RMS  for  the  52  MHz 
oscillator.  Significant  improvements  in  the  stability  of  the  oscillator  may  be  possible 
through  redesign  of  the  SAW  device  and  the  mounting  fixture. 

The  present  system  does  respond  to  pressure  and  temperature  and  flow  rate 
fluctuations.  These  effects  are  largely  due  to  the  inferior  SAW  mounting  fixture 
employed  in  this  system  and  are  not  intrinsic  to  the  SAW  concept.  When  vapors  are  to 
be  exposed  to  the  SAW  sensor  it  is  desireable  that  a  flow  rate  in  the  range  of  1 0  -  500 
cc  /  min  be  employed.  There  is  a  small  effect  of  flow  rate  on  the  difference  frequency 
obtained  from  the  system. 

SAW  Coating  Procedure 

Any  number  of  methods  can  be  used  to  apply  chemically  selective  coatings  to  the 
surface  of  the  SAW  device.  These  methods  include  deposition  from  solutions  applied 
by  microsyringes,  Q-tips,  and  brushes,  spin  casting,  dipping,  spraying  by  air  brush, 
Langmuir-Blodgett  film  transfer,  plasma  deposition,  sputtering,  evaporation, 
sublimation,  etc.  A  convenient  technique  for  research  applications  is  air  brushing. 

Coating  application  can  be  accomplished  by  spraying  through  a  small  mask  positioned 
over  the  active  area  of  the  delay  line  to  be  coated.  A  dilute  solution  of  the  coating 
material  dissolved  in  a  volatile  solvent  works  quite  well.  The  spray  can  then  be  used  to 
coat  the  device  while  the  difference  frequency  is  monitored  with  an  oscilloscope  and 
frequency  counter.  Multiple  short  bursts  of  the  spray  onto  the  device  surface  result  in  a 
coating  that  can  produce  a  total  frequency  shift  of  100  KHz  or  more.  The  device  should 
be  allowed  to  sit  in  clean,  dry  air  for  about  12  hours  pripr  to  testing. 
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PROCEDURE 

FOR  SAW  DEVICE  PREPARATION  AND  MOUNTING 

I.  CLEAN  THE  DEVICE 

a)  Rinse  SAW  device  with  solvent  (e.g.  acetone  or  CH3CI . cleaning  the 

device  in  a  Soxhiet  extractor  is  suggested  if  every  trace  of  a 
previous  coating  must  be  removed). 

b)  Place  device  in  electronic  grade  isopropanol  and  clean  ultrasonically  for  1 0  min. 

c)  Dry  the  device  by  standing  on  edge  on  clean  blotter  paper.  (Handle  the  device 
by  the  edges  only.) 

d)  For  storage,  stand  the  device  on  its  edge  in  a  clean,  glass  tube  with  a  clean 
cover. 

\U  MEASURE  THE  ELECTRODE  RESISTANCE 

(Sometimes  the  SAW  interdigital  (IDT)  electrodes  pick  up  contaminant 
particles  that  short  them  out.) 

a)  Select  the  highest  resistance  scale  on  an  Ohmeter. 

b)  Check  each  of  the  4  IDT  electrodes  for  shorts  between  the  fingers  by  measuring 
the  resistance  between  the  fingers.  Do  this  by  touching  the  ohmeter  probes  to 
the  two  gold  bus  bars  associated  with  each  IDT. 

(NOTE:  This  procedure  requires  a  steady  hand  and  needle  sharp  ohmeter 
probes.  If  the  probes  are  inadvertently  dragged  across  the  IDT  then  irreparable 
damage  can  be  done  to  the  device. 

c)  If  the  resistance  between  the  fingers  is  measurable  (i.e.  less  than  about  1 
Megohm)  then  the  cleaning  process  must  be  repeated. 

(NOTE:  Sometimes  careful  wiping  of  the  IDT  with  a  solvent  moistened  Q-Tip 
can  eliminate  the  difficulty.) 

III.  CLEAN  THE  DEVICE  HOLDER 

a)  Blow  out  the  empty  holder  with  clean,  filtered  air  (or  "DUST-OFF"  fluorocarbon 
propellant). 

b)  Visually  inspect  the  holder  for  debris. 

(Dirt  and  grit  that  accumulates  in  the  device  holder  can  provide  a  sharp  point  that 
cleaves  the  device  when  pressure  is  applied  during  the  clamping  process.) 
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»V.  CLEAN  THE  ELECTRICAL  CONTACT  CLIPS  (OCCASIONALLY) 

a)  Remove  the  clips. 

b)  Clean  them  in  solvent  (e.g.  acetone). 

c)  Ultrasonically  clean  in  isopropanol  bath  for  10  minutes.  Air  dry. 


V.  MOUNT  THw  DEVICE  HO' ngp. 

(It  is  a  good  idea  to  be  seated,  relaxed,  and  undisturbed  during  this  procedure.) 

a)  Loosen  the  clamping  screws  in  the  device  holder  and  turn  the  clips  to  permit  the 
device  to  drop  freely  into  the  well. 

b)  Visually  inspect  the  well  to  make  sure  that  it  is  free  of  debris. 

c)  Place  the  SAW  device  in  the  well  and  make  sure  it  is  flat  against  the  bottom. 

d)  With  tweezers,  rotate  each  clip  to  contact  the  gold  pads  for  each  electrode.  (Pay 

particular  attention  to  the  clips  which  must  provide  ground  connections  to  the 
four  center  pads . Those  connections  can  be  troublesome.) 

e)  Tighten  the  screws  using  a  jeweler's  screwdriver.  Use  care  so  that  it  cannot  be 
dropped  onto  the  device.  It  is  sometimes  helpful  to  use  another  screwdriver  or 
tweezers  to  hold  the  clip  in  position  whiie  tightening  the  screws.  Tighten  only 
enough  so  that  the  clips  do  not  move  freely  when  nudged  with  the  tweezers. 

VI.  CHECK  THE  ELECTRICAL  CONTINUITY  OF  EACH  CONNECTION 

a)  Measure  the  resistance  from  each  gold  pad  of  the  SAW  device  to  the  top  of  the 
screw  on  its  contact  clip.  {Be  careful !  Do  not  allow  the  probes  to  slip  onto  the 
electrodes.)  A  resistance  of  less  than  5  ohms  should  be  measured. 

b)  If  good  contact  is  not  observed,  then  loosen  and  retighten  the  screws  as 
required  to  obtain  less  than  5  ohms. 

c)  Measure  the  resistance  between  the  grounding  screw  heads  (labelled  "G"  on  the 
pictorial  diagram)  and  ground  (e.g.  the  chassis).  Also  measure  the  resistance 
between  the  IDT  connector  screw  heads  (labelled  'A,B.C,  &  D’  on  the  pictorial 
diagram)  and  the  corresponding  point  (i.e.  "A,B,C  &D")  on  the  IDT  tuning  inductor. 
Each  connection  should  show  a  resistance  less  than  5  ohms.  If  they  don’t,  then 
the  contact  between  the  screw  and  the  metal  contact  nut  on  the  reverse  side  of 
the  circuit  board  is  bad  and  should  be  cleaned  or  otherwise  corrected.  (Some 
graphite  placed  on  the  screw  threads  can  help.) 


d)  Measure  the  resistance  between  the  IDT  connector  screw  heads  (labelled 
"A.B.C,  &  D"  on  the  pictorial  diagrann)  and  ground.  The  resistance  should  be 
greater  than  1  Megohm.  If  it  is  less  than  1  Meg  then  the  IDT  electrodes  are 
contaminated  and  cleaning  is  necessary. 

VH.  TURN  ON  THE  POWER 

Once  the  SAW  device  has  been  installed  into  the  holder  and  good  electrical 
connections  have  been  established,  then  the  system  can  be  powered  up. 

a)  Turn  on  power  switch. 


b)  Observe  the  system  output  signal  (i.e.  difference  frequency)  on  an  oscilloscope. 
A  stable  waveform  (about  5  V  p-p)  in  the  frequency  range  of  about  1 0  KHz  to 
200  KHz  should  be  observed.  If  the  waveform  is  not  stable  then  the  tuning 
capacitors  (shown  in  the  pictorial  diagram)  can  oe  adjusted  to  improve  the 
stability. 
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PART  NO-  SD-52-A/B 

(52  MHz  DUAL  SAW  DELAY  LINE) 

HANDLING  INSTRUCTIONS 

The  SD-52-A/B  SAW  dual  delay  lines  are  shipped  with  a  photoresist  coating  to  prevent 
damage  to  the  gold  microelectrodes.  Before  use.  the  devices  must  be  gently  removed 
from  the  sticky  tape  that  holds  them  together  and  then  rinsed  with  a  solvent  (e.g. 
acetone)  to  remove  the  photoresist.  It  is  recommended  that  they  be  rinsed  a  second 
time  with  electronic  grade  isopropanol  and  allowed  to  drip  dry  by  supporting  the  device 
on  an  edge  while  resting  on  a  piece  of  absorbent  paper.  This  will  prevent  any  spotting 
of  the  device  surface  by  impurities  in  the  solvent.  The  devices  can  also  be  cleaned  in 
an  ultrasonic  cleaner.  With  care  the  devices  can  be  coated  and  cleaned  many  times 
for  reuse. 

Prior  to  using  any  SAW  delay  line,  one  should  ALWAYS  measure  the  resistance  of  the 
electrodes  to  make  sure  that  electrical  shorting  has  not  occured.  A  conventional 
volt-ohmmeter  (VOM)  connected  to  an  electrode  should  indicate  a  resistance  greater 
than  a  Megohm.  Lower  resistances  occur  when  the  electrode  is  contaminated  with 
ionic  impurities,  moisture,  or  other  things  that  can  bridge  between  the  electrode 
"fingers".  When  low  electrode  resistances  are  observed,  cleaning  is  recommended. 
Rubbing  the  electrodes  with  a  solvent  wetted  Q*tip  is  acceptable.  Persistent  shorts  can 
be  "blown  out"  by  connecting  the  electrode  to  a  24  Volt  power  source.  This  procedure 
will  cause  the  shorted  "finger"  to  melt  like  a  fuse.  While  this  may  destroy  a  small  part  of 
the  electrode  it  usually  does  not  result  in  any  noticeable  degradation  of  SAW  device 
performance. 

Breakage  is  perhaps  the  most  serious  problem  encountered  with  large  SAW  delay 
lines.  Quartz  is  very  brittle  and  will  break  if  excessive  forces  are  applied  to  the  device. 
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GENERAL  SAW  VAPOR  SENSOR  CONSIDERATIONS 

Theoretical  Model  of  SAW  Sensor  Response 

The  signal  provided  by  a  SAW  oscillator  vapor  sensor  can  be  described  by  the 
following  theoretical  equation  (4): 

^  f  =  (k^  +  l<2)  fQ  h  p’  -  k2  fo 


where  Af  is  the  SAW  oscillator  frequency  change  produced  by  the  vapor  absorbed 
into  the  coating,  and  k2  are  material  constants  for  the  piezoelectric  substrate.  fQ  is 

the  unperturbed  resonant  frequency  of  the  SAW  oscillator,  h  is  the  coating  thickness,  p' 
is  the  coating  density,  p'  is  the  shear  moc  jIus  and  X  is  the  Lame'  constant  of  the 
coating,  and  is  the  Rayleigh  wave  velocity  In  the  piezoelectric  substrate  (3159  m/sec 

for  Y-X  Quartz).  This  relationship  assumes  that  the  SAW  device  coating  is  isotropic 
and  non-piezoelectric  and  that  the  coating  covers  100%  of  the  delay  line  surface. 
Furthermore,  the  relationship  is  valid  only  for  very  thin  films  (e.g.  less  than  0.2%  of  the 
acoustic  wavelength  thick).  For  thicker  films,  equation  1  can  only  provide  estimates  of 
the  signal  magnitude.  When  organic  coatings  are  employed,  it  is  often  found  that  the 
second  term  of  equation  1  is  negligible  because  the  shear  elastic  modulus  of  the 
coating  (  p’  )  is  small  compared  to  the  square  of  the  Rayleigh  wave  velocity  (V^). 

Under  these  conditions,  equation  1  reduces  to: 

f  =  (k,  ♦  k2)  fg  h  p'  (2) 

For  Y-X  Quartz  SAW  devices,  k-i  =  -9,33  x  10'^  m^-sec/kg  and  k2  =  "4.16  x  10’® 

m^  sec/kg.  The  product  of  the  coating  thickness  (h)  and  its  density  (p*)  is  the  mass  per 
unit  area  on  the  devicp  surface.  Equation  2  predicts  that  the  signal  obtained  from  a 
given  mass  loading  (h  p'  product)  will  increase  with  the  square  of  the  operating 
frequency  of  the  SAW  oscillator.  Furthermore,  operating  frequency  determines  the  size 
of  the  device  since  it  imposes  size  requirements  on  the  interdigital  electrodes  used  to 
generate  the  Rayleigh  surface  wave.  As  the  operating  frequency  increases,  the  device 
area  (and  cost)  decreases.  Higher  operating  frequencies  permit  thinner  coatings  to  be 
employed  with  a  corresponding  improvement  in  response  time  since  vapor  diffusion 
into  the  coating  will  be  quicker.  Higher  operating  frequencies  also  result  in  greater 
baseline  noise  that  hinders  detection  at  the  lowest  concentrations.  The  key 
assumption  In  these  predictions  is  that  the  sensitivity  increases  with  the  square  of  the 
frequency.  Several  experimental  studies  have  indicated  that  this  assumption  is  valid. 


SAW  VAPOR  SENSOR  SYSTEM  DESCRIPTION 

The  SAW  devices  employed  in  this  system  have  a  nominal  frequency  of  1 58  MHz.  A 
dual  SAW  delay  line  oscillator  configuration  is  employed  in  the  system.  In  this  design, 
two  SAW  delay  lines  are  fabricated  on  the  same  substrate.  One  delay  line  is  coated 
with  the  chemically  selective  film  and  the  other  is  left  uncoated.  The  frequencies  of  the 
two  delay  line  oscillators  are  mixed  to  provide  a  frequency  equal  to  the  difference  of 
the  two  oscillator  frequencies.  In  principle,  frequency  drifts  caused  by  ambient 
temperature  and  pressure  fluctuations  experienced  by  the  SAW  device  are 
compensated  by  this  scheme.  (Note:  unsymmetrical  mechanical  stresses  imposed  by 
thermal  expansion  of  device  package  can  cause  uncompensated  drift.)  This  approach 
affords  the  additional  advantage  that  the  difference  frequency  is  much  lower  (e.g.  a 
hundred  KHz)  than  the  frequency  of  the  oscillators  themselves  (i.e.  158  MHz).  This 
makes  it  much,  easier  to  measure  the  SAW  vapor  response  using  inexpensive,  digital 
counter  circuitry.  Theoretically,  when  a  clean  device  is  in  the  system  the  two  delay 
lines  on  that  device  should  resonate  at  exactly  the  same  frequency  and  the  difference 
frequency  should  be  0  Hz.  In  practice  the  two  delay  lines  are  not  exactly  the  same,  nor 
are  the  matching  networks  a.ssociated  with  the  RF  electronic  system.  As  a  result  the 
two,  uncoated  delay  lines  typically  resonate  at  slightly  different  frequencies  thereby 
providing  a  non  zero  difference  frequency.  In  fact,  this  nonzero  difference  frequency  is 
desireable  since  it  keeps  the  two  oscillators  from  "locking*  on  to  each  other.  The 
appearance  of  a  zero  output  frequency  is  usually  indicative  of  an  oscillator  malfunction 
due  to  faulty  electrical  connections  or  excessive  mass  loading.  The  existence  of  a 
nonzero  output  frequency  from  the  mixer  can  cause  confusion  when  an  inexperienced 
person  is  attempting  to  coat  the  device.  Coating  one  side  of  the  device  (e.g.  delay  line 
#1)  will  cause  the  frequency  to  increase  while  coating  the  opposite  side  of  the  device 
(i.e.  delay  line  #2)  will  cause  the  frequency  to  decrease.  It  is  usually  desireable  to  coat 
the  side  that  causes  the  frequency  to  increase  (i.e.  the  lower  frequency  oscillator)  since 
the  system  becomes  erratic  when  the  difference  frequency  approaches  within  about  10 
KHz  of  zero.  Care  must  be  taken  to  make  sure  that  the  uncoated,  reference  delay  line 
is  indeed  clean  after  the  other  side  has  been  coated.  Contamination  present  on  the 
reference  device  will  produce  a  signal  that  is  subtracted  from  that  produced  by  the 
coated  side.  Wiping  the  reference  side  of  the  device  with  a  Q-tip  soaked  in  solvent  is 
sometimes  useful  to  guarantee  its  cleanliness. 

The  mass  detection  limit  of  the  SAW  device  depends  on  the  signal  to  noise  ratio 
provided  by  the  sensor.  The  signal  produced  for  a  given  mass  loading  is  determined 
by  the  operating  frequency  of  the  device  and  the  percentage  of  active  area  used.  The 
noise  is  determined  by  the  SAW  oscillator  stability.  A  frequency  stability  of  1  part  in 

10^  measured  over  a  1  second  interval  is  typically  achievable  with  this  system.  This 
translates  into  a  baseline  noise  level  of  less  than  ±  16  Hertz  RMS  for  the  158  MHz 
oscillator. 

The  device  intended  to  be  used  with  the  RFM-158A  is  the  Microsensor  Systems,  Inc. 
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158  MHz  dual  SAW  (part  no  SD-158-A).  This  device  is  packaged  in  a  gold  plated  12 
pin  0.600  inch  diameter  TO-8  package.  The  SAW  "chip"  contains  two  individual  158 
SAW  delay  lines.  One  of  the  delay  lines  is  used  as  a  reference  and  is  not  coated.  The 
electrical  connections  to  the  SAW  device  are  made  through  12  pins  on  the  bottom  of 
the  SAW  package.  Only  8  of  these  pins  are  useo  and  they  are  attached  to  the  SAW 
device  by  gold  wire  bonds.  A  detailed  drawing  of  this  device  is  shown  in  figure  1 .  The 
SAW  device  plugs  into  the  RF  electronics  module  for  use.  It  is  important  to  observe  the 
proper  position  of  the  tab  on  the  SAW  device  when  inserting  into  the  RF  module.  The 
tab  must  face  towards  the  lower  right  hand  corner  of  the  module  as  shown  on  figure  1 
If  the  SAW  device  is  not  properly  inserted,  it  will  not  function  correctly.  The  following 
precautions  should  be  observed  when  plugging  a  SAW  device  into  the  module: 

1.  TURN  OFF  POWER  TO  THE  SAW  RF  MODULE  WHEN 

INSERTING  THE  SAW  DEVICE. 

2.  OBSERVE  THE  PROPER  POSITION  OF  THE  TAB  ON  THE  SAW 

DEVICE  WHEN  INSERTING  INTO  RF  MODULE  SOCKET. 

Coated  SAW  devices  are  seated  and  require  no  special  handling  precautions.  SAW 
devices  that  are  not  coated  require  additional  care  to  prevent  damage.  The  devices . 
are  packaged  with  a  lid  designed  to  fit  over  the  device.  These  lids  are  not  attached 
until  after  a  coating  is  applied  and  can  fall  off  if  not  handled  correctly.  (Lid  sealing  is 
normally  accomplished  using  epoxy  cement  after  drilling  holes  in  the  lid  for  vapor 
circulation.)  The  fine  gold  wire  electrical  connections  to  the  SAW  device  can  be 
damaged  if  care  is  not  taken  when  the  lid  is  removed. 

Care  should  be  used  when  removing  the  SAW  device  from  the  socket  on  the  RF 
electronics  module  to  prevent  damage  to  the  connecting  pins.  It  is  recommended  that 
the  SAW  device  be  removed  by  prying  the  device  from  underneath  using  a  small 
screwdriver,  awl,  or  similar  object.  The  device  should  be  raised  by  prying  first  at  the 
corner  beneath  the  tab  on  the  SAW  device  and  then  alternating  with  the  opposite 
corner. 


SAW  COATING  APPLICATION 


A  number  of  methods  can  be  used  to  apply  chemically  selective  coatings  to  the  surface 
of  the  SAW  device.  These  methods  include  deposition  from  solutions  applied  by 
microsyringes,  Q-tips,  and  brushes,  spin  casting,  dipping,  spraying  by  air  brush, 
Langmuir-Blodgett  film  transfer,  plasma  deposition,  sputtering,  evaporation, 
sublimation,  etc.  A  particularly  convenient  technique  for  research  applications  is  air 
brushing. 

Coating  application  can  be  accomplished  by  spraying  through  a  small  mask  positioned 
over  the  active  area  of  the  delay  line  to  be  coated.  A  dilute  solution  of  the  coating 
material  dissolved  in  a  volatile  solvent  works  quite  well.  The  spray  can  then  be  used  to 
coat  the  device  while  the  difference  frequency  is  monitored  with  an  oscilloscope  and 
frequency  counter.  Multiple  short  bursts  of  the  spray  onto  the  device  surface  result  in  a 
coating  that  can  produce  a  total  frequency  shift  of  1 00  KHz  or  more.  The  device  should 
be  allowed  to  sit  in  clean,  dry  air  for  about  12  hours  prior  to  testing. 

The  entire  surface  of  each  SAW  delay  line  is  uniformly  sensitive  to  materials  placed 
there  and  application  of  films  over  the  metal  electrodes  is  fine.  In  normal  applications  it 
is  desireable  to  coat  100%  of  the  delay  line  surface  (including  the  electrodes)  since 
this  results  in  the  greatest  sensitivity.  Coating  only  50%  of  the  device  surface  will  yield 
a  frequency  shift  that  is  only  half  of  that  predicted  by  the  theoretical  equations.  Overall 
size  of  the  chip  is  0.5  cm  x  0.5  cm.  The  active  area  of  each  delay  line  is  approximately 
0.2  cm  X  0.4  cm. 
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RF  ELECTRONICS  MODULE  CONNECTIONS 

The  RF  electronics  module  contains  VHP  amplifiers  that  allow  the  dual  SAW  device  to 
function  as  two  independent  delay  line  oscillators.  These  two  oscillators  generate 
signals  that  are  mixed  electronically  to  provide  a  signal  whose  frequency  is  the 
difference  between  the  two  oscillator  frequencies.  This  difference  frequency  is 
processed  by  a  comparator  circuit  to  provide  a  TTL  compatible  signal.  The  power  input 
(+5  Volts)  and  output  (freq.  1.  freq.  2,  and  freq.1  -  freq.  2)  for  this  module  is  provided 
through  a  6-pin  edge  connector.  The  function  of  each  of  these  pins  is  as  follows: 

Pin  1 :  This  pin  connects  to  the  ground  plane  of  the  SAW  module. 

Pin  2:  The  signal  from  this  pin  is  the  frequency  difference  between  the  two  SAW  delay 
lines.  (5V  P-P  square  wave...drives  one  LS  TTL  load). 

Pin  3:  The  RF  output  from  channel  1  (the  uncoated  side)  of  the  SAW  device  is 
available  on  this  pin.  (around  200  mV  P-P  (2)  158  MHz). 

Pin  4:  The  RF  output  from  channel  2  (the  coated  side)  of  the  SAW  device  is  available 
on  this  pin.  (around  200  mV  P-P  (S>  158  MHz). 

Pin  5;  This  pin  is  used  to  supply  power  to  the  SAW  module 
(+5  V  (2)50mA  DC). 

Pin  6:  This  pin  connects  to  the  ground  plane  of  the  SAW  module. 

It  should  be  noted  that  the  RF  outputs  on  pins  #3  &  4  are  not  buffered.  Connections  to 
these  pins  can  perturb  the  oscillator  frequencies.  For  device  coating  it  is  very 
aesireable  to  monitor  ail  frequencies  as  the  coating  is  being  applied  in  order  to  get  an 
accurate  estimate  of  coating  thickness.  An  RF  buffer  amplifier  /  power  supply  /  coating 
fixture  that  is  designed  for  use  with  the  RFM-158  is  available  from  Microsensor 
Systems.  Inc.  (part  no.  SPM-158) 
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1.  INTRODUCTION 

Surface  Acoustic  Wave  (SAW)  devices  are  being  developed  as  sensors  for  a  variety  of 
applications.  The  most  common  SAW  device  configuration  for  sensors  is  the  SAW 
oscillator  in  which  the  physical  or  chemical  property  of  interest  perturbs  the  Rayleigh 
wave  propagation  velocity,  resulting  in  a  corresponding  shift  in  the  resonant  frequency 
of  the  SAW  controlled  oscillator.  These  devices  are  especially  attractive  in  chemical 
vapor  sensing  applications  because  of  their  relatively  high  surface  mass  sensitivity. 
For  example,  at  a  Rayleigh  wave  frequency  of  158  MHz  on  ST-quartz,  a  SAW  oscillator 

exhibits  a  sensitivity  of  approximately  32  Hz/nanogram/cm^.  This  magnitude  of 
sensitivity  is  predicted  theoretically  and  has  been  experimentally  verified  using 
Langmuir-Blodgett  films  of  known  mass  density.  The  detection  limit  of  the  device  is 
determined  by  this  sensitivity  and  the  characteristic  noise  level  exhibited  by  the  device. 
A  typical  158  MHz  SAW  delay  line  oscillator  produces  16  Hz  of  "noise"  which  suggests 

that  1  nanogram/cm^  would  be  detected  with  a  signal  to  noise  ratio  of  2.  Clearly,  a 
dramatic  reduction  in  the  detection  limit  of  SAW  vapor  sensors  can  be  realized  if  the 
effective  frequency  noise  of  the  SAW  controlled  oscillator  can  be  reduced. 

SAW  oscillator  noise  (i.e.  the  random  fluctuations  in  the  SAW  oscillator  frequency  that 
are  uncorrellated  with  the  frequency  shifts  produced  by  the  chemical  species  being 
measured)  is  related  to  the  resonant  "Q"  of  the  SAW  device.  Devices  having  higher  Q 
provide  a  more  stable  resonant  frequency  and  hence  lower  noise.  There  are  two  SAW 
device  configurations  that  are  used  in  the  vast  majority  of  SAW  controlled  oscillators. 
These  are  the  delay  line  and  the  resonator  (figure  1).  Both  devices  should  exhibit  the 
same  mass  sensitivity  but  the  resonator  is  well  known  for  its  superior  noise 
performance.  Up  to  this  time  the  majority  of  SAW  vapor  sensor  devices  have  used  the 
delay  line  configuration. 

The  objective  of  this  study  was  to  quantify  the  noise  levels  of  several  SAW  delay  lines 
and  resonators  (both  coated  and  uncoated)  in  order  to  learn  if  SAW  resonators  could 
afford  any  significant  performance  advantage  in  chemical  sensor  applications. 
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2-PORT  SAW  RESONATOR 


SAW  DELAY  LINE 


FIGURE  1. 
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:»  MEASURES  OF  SAW  OSCILLATOR  NOISE 


The  measurement  of  noise  in  any  physical  system  is  usually  complicated  by  the  fact 
that  the  noise  is  not  truly  random  (i.e.  "white")  but  rather  has  a  distinctive  spectral 
distribution.  Furthermore,  the  experimental  measurements  are  often  conducted  under 
c  ■  Jitions  in  which  all  variables  (e.g.  temperature,  atmospheric  presssure,  etc.)  are  not 
petfectly  controlled  and  result  in  systematic  drift  superimposed  on  the  intrinsic  noise  of 
the  oscillator.  Two  methods  have  been  used  in  this  study  to  characterize  the  noise 
generated  by  SAW  oscillators. 


This  method  is  somewhat  unconventional  but  provides  a  measure  that  correllates 
closely  with  the  signal  processing  commonly  employed  with  SAW  vapor  sensors.  In 
this  metiiod,  the  frequency  (or  difference  frequency)  of  an  unperturbed  SAW  oscillator 
is  recorded  at  regular  time  intervals  over  some  fixed  time  period  (e.g.  1  minute).  A 
linear  least  squares  fit  is  performed  on  this  data  set.  The  least  squares  fit  line  is  then 
assumed  to  represent  the  average  value  of  the  .signal  over  the  measurement  period. 
The  difference  between  the  actual  signal  value  and  the  average  signal  (as  determined 
by  the  least  squares  fit  line)  is  calculated  and  saved  as  a  set  of  residual  differences. 
The  standard  deviation  of  these  residuals  (as  calculated  using  the  relationship  shown 
below)  is  used  to  describe  the  root- mean-square  (RMS)  noise  level  of  the  SAW  sensor. 


where  6(N)  is  the  Standard  Deviatio.n 

N  is  the  Number  of  measurements 
y  is  the  average  value  of  the  signal 
y  is  the  value  of  the  signal  at  time  k 

The  slope  of  the  linear  least  squares  fit  line  is  indicative  of  the  drift  exhibited  by  the 
SAW'  oscillator.  This  method  is  relevant  to  practical  SAW  vapor  sensors  since  baseline 
drift  compensation  schemes  are  commonly  employed  (e.g.  frequent  rezeroing  of  the 
baseline)  and  it  is  only  the  "high  frequency"  noise  as  represented  by  the  residuals  that 
presents  a  barrier  to  signal  detection.  When  the  SAW  oscillator  drift  is  non-linear  with 
time,  this  method  of  characterizing  oscillator  noise  can  be  misleading  since  it  will 
overestimate  the  noise  level  of  the  device.  Nevertheless,  using  the  root-mean-square 
of  least  square  fit  residuals  as  a  measure  of  SAW  oscillator  performance  has  proved  to 
be  very  convenient  and  informative  particularly  because  it  separates  out  the  noise  and 
drift  components. 


The  most  commonly  employed  measure  of  SAW  oscillator  performance  is  Allan 
variance.  It  is  fundamentally  superior  to  methods  that  measure  standard  deviation 
because  it  makes  no  assumptions  about  the  spectral  distribution  of  the  oscillator  noise. 
Indeed,  the  ratio  cf  the  standard  deviation  to  the  Allan  variance  of  the  SAW  oscillator 
frequency  can  provide  a  useful  diagnostic  measure  of  the  type  noise  exhibited  by  the 
oscillator  (e.g.  random,  flicker,  flicker-walk,  etc.).  The  Allan  variance  is  calculated  by 
using  the  following  relationship: 

/  \V2 

where  6y  (Tj  is  the  Allan  Variance  of  samples  taken  every  T,  sec 
N  is  the  Number  of  measurements 
y^+l  is  the  normalized  value  of  the  signal  atdme  k+1 
yj^  is  the  normalized  value  of  the  signal  at  tine  k 

The  normalized  signal  values  are  obtained  by  subtracting  the  instantaneous  frequency 
from  some  starting  reference  frequency  and  dividing  the  difference  by  the  starting 
frequency  value. 


3. 


EXPERIMENTAL  PROCEDURE 


The  accurate  comparison  of  SAW  delay  line  oscillator  performance  and  SAW 
resonator  oscillator  performance  is  not  straightfonward.  This  is  due  to  the  fact  that  there 
are  many  ways  to  configure  the  device  design  and  supporting  electronics  for  each  type 
of  oscillator  tc  optimize  one  performance  characteristic  at  the  expense  of  others.  The 
approach  taken  in  this  study  was  to  utilize  several  existing  SAW  delay  line  and  SAW 
resonator  designs  that  are  representative  of  presently  available  technology.  The 
devices  used  in  this  study  were: 

1)  158  MHz  dual  SAW  delay  line  (Microsensor  P/N  SD-158-A1 

2)  229.25  MHz  2-port  SAW  resonator  (SAWTEK  P/N  851 080) 

3)  401  MHz  2-port  SAW  resonator  (SAWTEK  P/N  850999) 

4)  663  MHz  2-port  SAW  resonator  (SAWTEK  P/N  850883) 

The  following  experimental  conditions  were  maintained  for  all  devices  studied: 

•  Devices  were  fabricated  on  ST-quartz  with  aluminum  metallization. 

•  Devices  were  mounted  in  commerdal  packages  with  epoxy  and  connected  via 

gold  wire  bonds. 

•  Oscillators  were  "burned  in"  for  more  than  72  hours  prior  to  testing. 

•  Oscillators  were  warmed  up  for  24  hours  prior  to  making  noise  measurements. 

•  The  same  RF  amplifier  system  was  used  for  each  oscillator.  Only  the  series  tuning 

inductors  were  different  from  oscillator  to  oscillator. 

•  A  dual  oscillator  configuration  was  used  to  provide  a  low  frequency  difference 

signal. 

A  schematic  of  the  SAW  oscillator  RF  electronics  used  in  this  study  is  shown  in  figure  2. 
Variable  inductors  were  used  to  provide  a  series  match  to  the  RF  amplifiers.  The  SAW 
frequency  data  was  collected  using  a  four  channel  digital  frequency  counter  interfaced 
to  a  Macintosh  data  acquisition  computer  (Microsensor  Systems,  Inc.  Model  DAS-158). 
SAW  oscillator  frequencies  were  measured  once  every  2  seconds  with  a  precision  of 
±1  Hertz.  An  experiment  duration  of  1  minute  was  chosen.  The  Allan  variance  and  the 
root-mean-square  of  least  square  fit  residuals  was  calculated  for  each  data  set.  A  total 
of  ten  trials  were  conducted  with  each  sensor  to  obtain  a  representative  average  RMS 
noise  and  Allan  variance  for  each  device.  All  icur  SAW  oscillators  were  run 
simultaneously  from  the  same  power  supply  during  the  course  of  these  measurements. 

The  158  MHz  dual  SAW  delay  line  and  the  668  MHz  SAW  resonator  were  coated  with 
fluoropolyol  (by  air-brushing)  to  determine  the  extent  to  whicn  the  coating  degrades  the 
noise  performance  of  the  SAW  oscillators.  Noise  trials  were  conducted  as  before 
except  that  the  devices  were  purged  with  clean,  dry  air  while  being  measured.  These 
devices  were  then  exposed  to  DMMP  (using  a  Microsensor  Systems,  Inc.  Model 
VG-7000  vapor  generation  system)  to  determine  the  magnitude  of  vapor  response. 
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4.  RESULTS 
Noise  Measurements 

The  results  of  these  SAW  oscillator  noise  measurements  are  presented  in  Table  1. 
The  raw  experimental  data  used  to  prepare  Table  1  Is  available  in  Appendix  B. 

Table  1. 

MEASURED  NOISE  PERFORMANCE  OF  SAW  OSCILLATORS 

Average  Results  of  10  Measurements  Trials 
(1  measurement  every  2  seconds  for  60  seconds) 


Uncoated  Devices  in  Sealed  Package 


DEVICE  RMS 

ALLAN  VARIANCE 

158  MHz  Delay  Line 

2.8 

0.4 

1.5  E -08 

229  MHz  Resonator 

4.3 

-8.8 

1.6  E -08 

401  MHz  Resonator 

3.3 

-9.9 

4.8  E  -09 

668  MHz  Resonator 

1.0 

-0.1 

1.1  E-09 

Coated  Devices  with  Air  Purge 

JlQlSEJm 

DRIFT  (Hz/min) 

RlffiHRHIlHi 

158  MHz  Delay  Line 

10.1 

5.1 

4.4  E  -08 

316  MHz  Delay  Line 

20+  (typical) 

— 

668  MHz  Resonator  14.7 


6.5 


7.8  E  *09 


It  is  well  known  that  SAW  vapor  sensors  work  best  when  they  are  allowed  to  "age“  at 
least  overnight  after  being  coated  with  a  vapor  sensitive  polymer  film.  The  "ageing"  of 
a  668  MHz  coated  SAW  resonator  was  observed  experimentally  by  making  periodic 
noise  measurements  on  the  device  immediately  after  coating  application.  The  results 
(illustrated  in  figure  3)  show  a  dramatic  increase  in  the  noise  level  following  the  coating 
application.  The  uncoated  device  exhibited  an  Allan  variance  of  1.1  E  -09  prior  to 
coating.  Thirty  minutes  after  coating  the  same  device  produced  an  Allan  variance  of 
2.7  E  -07,  more  than  100  times  more  noisy.  As  shown  in  figure  3,  the  device  eventually 
aged  so  that  after  70  hours,  an  Allan  variance  of  7.8  E  -09  was  measured. 
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As  a  final  investigation,  the  coated  158  MHz  dual  SAW  device  and  the  668  MHz  SAW 
resonator  were  exposed  to  low  concentrations  of  dimethylmethylphosphonate  (DMMP) 
vapor  to  verify  that  the  coatings  responded  as  expected.  For  unknown  reasons,  the 
668  MHz  device  did  not  respond  to  DMMP  (i.e.  no  measurable  response  was 

observed  at  a  DMMP  concentration  of  2.8  mg/m^).  A  second  668  MHz  resonator  was 
then  coated  carefully  with  fluoropolyol  and  exposed  again  to  DMMP.  This  device 
performed  as  expected.  The  magnitudes  of  sensor  response  are  tabulated  below. 


Table  2. 


MEASURED  SAW  OSCILLATOR  VAPOR  RESPONSE 

Fluoropolyol  coating  exposed  to  DMMP  Vapor  @  25  °C 


DEVICE 

COATING 

VAPOR 

THICKNESS  (KHz) 

RESPONSE  fH2/ma/m3) 

158  MHz  Delay  Line 

252 

564 

668  MHz  Resonator 


451 


1085 


5. 


DISCUSSION 


One  surprising  trend  is  evident  in  the  data  presented  in  Table  1.  As  the  SAW  resonator 
frequencies  increase  from  229  to  401  to  668  MHz,  the  RMS  oscillator  noise  (and  Allan 
variance)  decreases.  This  is  certainly  not  the  commonly  observed  behavior  in  which 
noise  increases  roughly  linearly  with  frequency.  The  reasons  for  this  contrary 
behavior  are  not  known  but  it  is  likely  that  the  229  and  401  MHz  resonators  are  not 
performing  well  with  the  particular  RF  amplifier  circuitry  used  in  this  study.  The 
performance  exhibited  by  the  668  MHz  resonator  was  very  good  and  is  certainly  more 
consistent  with  published  reports  of  SAW  resonator  stability.  The  158  MHz  dual  SAW 
delay  line  is  optimized  with  the  RF  amplifier  circuitry  and  exhibited  noise  levels  that 
were  typical  of  good  SAW  delay  line  oscillators.  Indeed,  the  158  MHz  device 
investigated  in  this  study  was  quiter  than  many  that  we  have  used  in  recent  years. 
Since  it  is  apparent  that,  of  the  resonators,  the  668  MHz  device  was  performing  the 
best,  comparisons  between  it  and  the  158  MHz  dual  delay  line  were  further  examined 
by  coating  and  vapor  exposure. 

The  noise  levels  demonstrated  by  the  uncoated  158  MHz  delay  line  and  668  MHz 
resonator  show  that  the  resonator  is  clearly  superior.  The  resonator  offered  RMS  noise 
levels  of  1  Hz  and  an  Allan  variance  of  1.1  E  -09  in  contrast  to  2.8  Hz  and  1.5  E  -08  for 
the  158  MHz  device.  A  668  MHz  SAW  delay  line  would  be  expected  to  exhibit  a  n 
RMS  noise  level  of  about  1 1  Hz,  more  than  10  times  greater  than  the  resonator. 

Coating  of  the  SAW  devices  results  in  a  marked  increase  in  oscillator  noise.  The  RMS 
noise  is  increased  by  4  fold  on  the  158  MHz  delay  line  and  by  14  fold  on  the  668  MHz 
resonator.  The  Allan  variance  of  the  delay  line  increased  by  3  fold  while  that  of  the 
resonator  increased  by  7  fold.  It  is  likely  that  the  resonator  electronic  circuitry  could  be 
optimized  to  make  the  noise  increase  correspond  more  closely  to  that  exhibited  by  the 
delay  line.  In  spite  of  the  un-optimized  electronics,  the  coated  668  MHz  resonator  still 
offers  a  smaller  noise  level  and  higher  vapor  sensitivity  than  the  158  MHz  delay  line. 

It  appears  that  SAW  resonators  do  offer  attractive  advantages  for  vapor  sensing 
applications.  Further  work  to  develop  a  SAW  resonator  electronics  system  that  is 
optimized  for  coated  performance  may  yield  a  sensor  capable  of  vapor  detection  limits 
several  times  lower  than  those  achieved  by  delay  line  devices. 
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POL’  (ETHYLENE  MALEATE)  VARIANTS  FOR  SAW 
MICROSENSOR  COATING  STUDY 


A.W.  Snowi ,  D.S.  Ballantlne,  T.  Whitney,  w.R.  Barger 
M.  Kluaty,  H.  Wohltjen,  J.  Grate,  D.  Chaput 


ABSTRACT 

A  series  of  11  polyester  coatings,  structurally  related  to 
poly(ethylene  maleate),  PEM,  were  synthesized,  characterized  and 
evaluated  for  relative  sensitivity  to  dimethyl  methylphos- 
phonate,  DMMP,  vapor.  Characterization  lncl«*ded  IR  and  NMR 
spectroscopies,  DSC,  MW  measurements  and  solubility  parameters. 
Surface  acoustic  wave,  SAW,  vapor  response  measurements  with  112 
and  52  MHz  devices  indicated  all  of  the  polyester  coatings  have 
ppm  level  DMMP  vapor  sensitivity  and  the  sensitivity  variation 
between  coatings  was  within  one  order  of  magnitude.  PEM  and  PPM 

■  were  the  most  sensitive  coatings.  Crystalline  polymers  had 

■  lower  sensitivity  than  amorphous  polymers.  Relative  sensitivity 

•Mid  not  correlate  with  DMMP-coating  solubility  parameter  match. 


INTRODUCTION 

Microsensor  coatings  with  highly  sensitive,  reversible  and 
selective  absorptions  for  particular  vapors  are  critical  to  the 
'  successful  development  of  electronic  chemical  microsensors.  In 
this  work,  coatings  which  have  a  specific  interaction  with  nerve 
agent  simulants  are  being  Investigated  using  a  surface  acoustic 
wave  (SAW)  device.  The  SAW  device  d'^tects  extremely  small 
gravimetric  changes  In  a  coating  (l.e.,  vapor  absorption  and 
desorption)  by  registering  a  frequency  shift  In  the  resonance  of 
the  piezoelectric  substrate.  Approaches  to  the  design  of 
coating  chemical  structure  Involve  selection  and  Incorporation 
7;;  of  an  appropriate  functional  group  to  serve  as  a  vapor  receptor 
'/  site  and  the  thermodynamic  considerations  of  solubility  inter¬ 
actions.  Previous  work  from  this  laboratory  has  emi.loyed  a 
/•  >model  reactive  polymer-vapor  system  based  on  the  Dlels-Alder 
/.reaction  between  poly(ethylene  maleate)  and  cyclopentadiene^ ,  a 
'.'  series  of  amldoxlme  functionalized  poly(butadlcne-co-acrylo- 
■'j/jnltrlle)  coatings^  and  a  comparative  study  of  homopolymer 
..coatings  from  N-vlnyllmldazole  and  4(5)-vlnyllmldazole^ .  Prom 
'  this  work,  useful  Information  has  evolved  regarding  effect  of 
Intrinsic  simulant  vapor  pressure,  discrimination  of  chemi¬ 
sorption  from  physlsorptlon ,  effect  of  coating  glass  tramltlon 
temperature  and  match  between  polymer  coating  and  vapor  solu¬ 
bility  parameters.  When  sensitivity  to  the  simulant  DMMP  Is 
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considered,  PEM  has  been  one  of  the  most  sensitive  coatings 
tested.  This  sensitivity  is  not  currently  understood.  The 
approach  of  the  present  work  is  synthesize  and  characterize  a 
•  structurally  systematic  series  of  maleic  anhydride  related 
polyesters  with  the  objective  of  Improving  on  PEM-phosphonate 
'•ester  simulant  sensitivity  and  of  obtaining  additional  Insight 
■  to  the  coating-vapor  interaction.  This  Includes  twelve 
different  polyesters,  chemical  characterization  (structure, 
molecular  weight,  Tg,  Tn,,  and  solubility  parameter)  and  two 
types  of  SAW  testing  against  DMMP.  The  structures  of  the 
polyesters  and  their  characterization  data  are  presented  In 
Table  1. 

EXPERIMENTAL 

All  reagents  and  solvents  were  of  reagent  grade  quality, 
purchased  commercially  and  used  without  further  purification 
unless  otherwise  noted.  Infrared  and  *H  NMR  spectroscopic  data 
were  obtained  respectively  with  Perkin-Elmer  1430  and  Varian 
EM390  spectrometers.  Glass  transition  temperatures  and  melting 
■points  were  determined  by  differential  scanning  calorimetry  with 
•'a  Dupont  1090  Thermal  Analyzer  and  a  910  Differential  Scanning 
‘^^Calorimeter  (heating  rate  10“C/min,  nitrogen  atmosphere). 

Molecular  weight  measurements  were  made  by  vapor  pressure 
7^osometry  using  a  Wescan  Molecular  Weight  Apparatus  Model  232A 
chloroform  solutions,  30*C,  benzll  calibration).  Polymer 
density  measurements  were  made  by  density  matching  with  heptane- 
ZS carbon  tetrachloride  mixtures.  Solubility  parameters  were 
‘-^determined  from  group  molar  attraction  constants  (COO  ester,  302 
'‘'^'(cal  cm3)  *5  mole"!;  -CH2-,  124;  -CH3,  209;  =CH-,  103;  =C-, 

•  -90;  -Cl,  265;  o-phenylene,  610).  Inert  atmosphere  dilution  of 
DMMP  vapor  and  SAW  frequency  response  measurements  were  made  as 
described  in  companion  papers  for  112  MHz^  and  52  MHz^. 


Polymerization  apparatus  consisted  of  a  25  ml  pear-shaped, 
two-neck  flask  fitted  with  a  miniature  Dean-Stark  trap,  con¬ 
denser,  nitrogen  Inlet  and  3/8  x  1/4  in.  magnetic  stirring  bar. 
The  condensed  byproduct  (water,  methanol  or  ethylene  glycol)  was 
I  distilled  Into  the  trap  at  atmospheric  pressure  under  nitrogen 
or  at  reduced  pressure  as  the  temperature  was  increased  to  IVO'C 
followed  by  application  of  vacuum  with  further  heating.  For 
each  polymerization  ethylene  glycol  was  purified  by  distillation 
with  toluene  azeotrope. 


!.  Poly (ethylene  oxalate),  PEOX,  was  prepared  by  reacting  5.00 

.'g  dlmethyloxalate  (recrystallized)  with  2.89  g  ethylene  glycol 
'  catalyzed  by  0.04  g  p-toluene  sulfonic  acid,  PTSA,  at  140  to 
ISO'C  for  2.5  hr.  followed  by  heating  to  ITO-IBO'C  under  vacuum 


for  3  hrs.  Attempted  dissolution  of  the  product  in  CHCI3 
resulted  in  dispersed  of  an  opaque  white  solid.  This  product 
was  filtered  and  purified  by  7  acetonitrile  extractions^.  Yield 
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0.55  g  HP  149-153*C  (lit  157-I59''c'^ )  .  IR  (neat)  2997,  2968, 
2897,  1778,  1748,  1469,  1260,  1044,  889,  778  Cffl-i.  NMR  (DMSO-dg) 
6  4.52  (S,  CH2).  Density  1.555.  MW  2000. 

Poly(ethylene  malonate),  PEMo,  was  prepared  by  reacting 
5.00  g  dlmethymalonate  with  4.71  g  ethylene  glycol  catalyzed  by 
0.04  g  PTSA  at  170''C  for  1.25  hr.  followed  by  heating  at  170''C 
under  vacuum  for  1  hr.  The  temperature  was  advanced  to  200 “C 
and  additional  ethylene  glycol  removed  over  the  second  hour.  The 
temperature  was  then  Increased  to  210-220“C  for  a  3.5  hr. 
period.  The  product  was  purified  by  dissolution  In  4  ml  CHCI3 
and  precipitation  Into  350  ml  CH3OH.  Yield  3.62  g.  IR  (neat) 
2970,  1755,  1740,  1450,  1415,  1380,  1335,  1280,  1150,  1045,  985, 
870  cm*l.  NMR  (CDCI3)  6  3.41  (S,  IH),  4.36  (S,  2H).  Density 
1.446.  MW  497. 


Poly (ethylene  succinate),  PES,  was  prepared  by  reacting 
3.14  g  succinic  anhydride  (recrystallized)  with  1.95  g  ethylene 
glycol  catalyzed  by  0.05  g  PTSA  in  2  ml  CgHs  Cl  (distilled)  with 
2  ml  toluene  (for  nzeotroplng  water  byproduct)  at  125  to  130''c 
for  5  hr.  The  temperature  was  then  raised  to  170'C  for  8  hr. 


‘With  3  displacements  of  2  ml  C5H5CI.  The  vacuum  was  then 
'applied  for  3  hr.  The  product  was  purified  by  dissolution  In  30 
‘  ml  CHCI3,  filtered  and  precipitated  Into  200  ml  ether.  Yield 
-2.96  g.  MP  95-97-C.  IR  (KBr)  2970,  2940,  1737,  1390,  1220, 
^^1168  crn-l-.  NMR  (CDCI3)  6  2.65  (S,  IH)  4.31  (S,  IH).  Density 
'1.357.  MW  2180. 


Poly(ethylene  maleate),  PEM;  was  prepared  as  previously 
'’'-'described^  .  Density  i  .  353 .  MW  2470. 


Dlmethylacetylene  dlcarboxylate ,  DMADC,  was  prepared  by 
reacting  24.5  g  acetylene  dlcarboxyllc  acid,  100  ml  methanol  and 
50  ml  sulfuric  acid  at  20''C®.  The  reaction  was  worked  up  by 
adding  the  mixture  to  a  saturated  Nad  solution  at  O'C  followed 
by  separation  of  the  oil  and  ether  extraction.  The  combined  oil 
and  ether  extracts  were  extracted  with  5t  NaHC03,  dried  and 
vacuum  distilled  (80-83"C/8  torr).  Yield  20.5  g.  IR  (neat) 
’2961,  2829,  1731,  1440,  1270,  1047,  898,  750.  680  cm"!.  NMR 
(CDCI3)  S  3.86  (S,  CH3). 

■'  Dlmethylmethoxyfumerate ,  JMMF,  and  dlmethyl-a,a-dlmeth- 

. .  oxyaucclnate,  DMDMS,  were  prepared  by  an  identical  procedure  to 
DMADC  except  the  temperature  was  increased  to  60"C.  After 
"'.'distillation  oi  the  DMADC,  the  DMMP  solidified  In  the  condenser 
■  j( 90-95''c/9  torr).  After  collection  of  the  DMFF,  the  DMDMS  was 
distilled  and  collected  as  a  liquid  ( lOO-llO'C/l  torr).  For 
DMMF:  MP  =  97''C.  IR  (KBr)  3100,  3002,  2948,  2857,  1733,  1670, 
1645,  1445,  1345,  1260,  1220,  1105,  1030,  780.  NMR  (CDCI3)  4 
3.77  (S,  3H),  3.84  (S,  3H).  3.90  (S,  3H),  6.02  (S,  IH).  MW  185 
(calc  174).  For  DMDMS;  IR  (neat)  3000,  2950,  2840,  1745,  1630, 
1440,  1205.  NMR  (CDCI3)  S  3.00  (S,  2H),  3.30  (S.  3H),  3.b9  (S, 
3H),  3.873  (S,  3H).  MW  207  (calc  206)'. 
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Polymers  from  dimethylacetylene  dlcarboxylate  and  ethylene 
.glycol,  PEADC  111  and  2;1,  were  prepared  by  reacting  5.00  g 
;  DMA DC  with  1.75  g  ethylene  glycol  (for  PEADC  1:1)  and  with  3.50 
.g  ethylene  glycol  (for  PEADC  2:1)  catalyzed  by  0.03  g  PTSA  at 
.  140-150''C  for  2  hr.  followed  heating  to  170-180“C  under  vacuum 
for  2  hr.  The  products  were  purified  by  dissolution  in  4  ml 
CHCI3  and  precipitated  into  ether  at  -20”C.  For  PEADC  1:1: 

Yield  2.50  g.  IR  (neat)  3550,  2965,  2900,  1740,  1630,  1445, 

1260,  1045,  760.  NMR  (CDCI3)  6  3.11  (S),  3.8  (m-broad), 

4.15(s),  4.4  (m-broad).  Density  1.406,  MW  1510.  For  PEADC  1:2: 
Yield  3.00  g.  IR  (neat)  3550,  2965,  2900,  1740,  1450,  1260, 

1045,  760.  NMR  (CDCI3)  S  3.05(S),  3.7  (m-broad),  4.10  (s),  4.3 
(m-broad).  Density  1.365.  MW  1370. 

PoIy(ethylene  phthalate),  PEPh,  was  prepared  by  reacting 
3.00  g  phthallc  anhydride  (recrystallized)  with  1.26  g  ethylene 
glycol  catalyzed  by  0.04g  PTSA  la  6  ml  dlglyme  (distilled)  with 
2  ml  toluene  (for  azeotroplng  water  byproduct)  at  160-170"C  for 
5.5  hr.  The  temperature  was  then  raised  to  190-200“C,  solvents 
'■  distilled  and  vacuum  applied  for  3  hr.  The  product  was  purified 
v’by  dissolution  in  4  ml  CHCI3  and  precipitation  into  100  ml 
'ether.  Yield  1.79  g.  IR  (neat)  3080,  2965,  2890,  1733,  1280, 
.'■'1130,  1070,  745.  NMR  (CDCI3)  t  4.50  (s-broad,  <H),  7.58  (m, 
•-2H).  7.70  (m,  2H).  Density  1.325.  MW  1540. 

7;  Poly(ethylene  methylmaleate,  PEMM^  was  prepared  by  reacting 
2B2.00  g  methyimaleic  anhydride  (distilled)  with  1.11  g  ethylene 
2- 'glycol  catalyzed  by  .025  ml  titanium  tetra-n-propoxlde  (dls- 
’'^tilled)  in  6  ml  diglyme  (distilled)  with  2  ml  benzene  (for 
azeotroplng  water  byproduct)  at  140-150''C  for  22  hr.  followed  by 
2  hr.  at  160-170''C.  The  product  was  purified  by  dissolution  in 
10  mi  CHCI3  and  precipitation  into  300  ml  ether.  Yield  1.50  g. 
IR  (neat)  2975,  1740,  1655,  1450,  1385,  1270,  1180,  1060,  970, 
385,  775.  NMR  (CDCI3)  6  2.08  (S,  3H),  4.4  (m-broad,  4H),  5.9 
and  6.3  (S,  vinyl  H,  IH).  Density  1.297.  MW  1770. 

Poly(ethylene  dimethylmaleate ) ,  PEDMM,  was  prepared  by 
•reacting  2.00  g  dlmethylmalelc  anhydride  (recrystallized)  with 
1.00  g  ethylene  glycol  catalyzed'by  0.02  g  PTSA  at  130-140''C  for 
'  2  hr.  One  ml  toluene  was  added  to  wash  by  reflux  some  of  the 
‘2 dlmethylmalelc  anhydride,  which  had  sublimed  into  the  flask 
•neck,  back  into  the  reaction  mixture.  The  temperature  was 
'Increased  to  140-150“C  for  24  hr.  Vacuum  was  then  applied  for  3 
■  'hr.  Approximately  1.5  g  dlmethylmalelc  anhydride  sublimed  into 
••■'the  trap.  The  residue  product  was  dissolved  in  2  ml  CHCI3  and 
■precipitated  into  100  ml  ether.  Yield  0.30  g.  IR  2960,  2880, 
1725,  1650,  1270,  1100,  765,  NMR  (CDCI3)  4  1.95  (S,  3H),  3.6  (M, 
2H),  4.2  (m,  2H).  Density  1.264.  MW  1100. 

PoIy(ethylene  dichloromaleate ) ,  PEDCM,  was  prepared  by 
reacting  4.89  g  dlchloromalelc  anhydride  (recrystallized)  with 
1.82  g  ethylene  glycol  catalyzed  by  0.04  g  PTSA  in  4  ml  chloro- 
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benzene  (distilled)  with  1  ml  toluene  (for  azeotroplng  water 
byproduct)  at  ISO-ISS^C  for  2  days.  The  product  was  purified  by 
dissolution  in  5  ml  CHCI3  and  precipitation  into  250  ml  ether. 
Second  and  third  repreclpltatlons  into  CH3OH  and  ether  was 
necessary  to  remove  residual  dlchloromalelc  anhydride,  yield 
2.60  g.  IR  (neat)  2970,  1751,  1600,  1250,  1040,  765,  680.  NMR 
(CDCI3)  4  4.50  (S).  Density  1.568.  MW  8090. 

Poly ( ethylene  adipiated),  PEA,  was  obtained  from  Aldrich 
Chemical  Company.  Density  1.183.  MW  1890. 

Poly(propylene  maleate),  PPM,  was  prepared  by  reacting 
3.079  g  maleic  anhydride  (recrystallized)  with  2.412  g  1,3- 
propanedlol  catalyzed  by  .045  ml  titanium  tetra-n-propoxlde 
(distilled)  In  6  ml  dlglyme  (distilled)  with  2  ml  xylene  (for 
azeotroplng  water  byproduct)  at  145’'C  for  13  hr.  The  tempera¬ 
ture  was  then  raised  to  160"C  for  2  hr.  at  which  time  formation 
of  a  gel  was  observed.  (Previous  attempts  at  higher  reaction 
temperature  resulted  In  extensive  gel  formation.)  The  reaction 
mixture  was  cooled,  disbursed  In  20  ml  CHCI3,  filtered  through 
sil)c  screen  to  remove  gel,  and  purified  by  dropwlse  precipi¬ 
tation  Into  300  ml  of  ether  at  -20‘c.  Yield  2.1  g.  IR  (neat) 
3070,  2980,  2920,  1747,  1650,  1415,  1220,  1180,  1050,  825.  NMR 
(CDCI3)  4  2.05  (quintet,  IH),  4.3  (t,  2H),  6.3  (S,  2H).  Density 
1.225.  MW  2050. 


RESULTS  AND. DISCUSSION 

The  Issue  of  Interest  In  this  study  is  the  peculiar 
features  of  the  PEM  structure  that  imparts  a  high  absorption 
sensitivity  for  DMMP.  The  structure  of  PEM  may  be  viewed  as  a 


grouping  of  polymer-chain-connected  maleate  groups  (which  are 
highly  polarized  dleneophlles )  or  as  subgroupings  of  ester 
groups  and  olefin  linicages.  Systematic  variations  on  this  PEM 
structure  Involve:  1)  substitutions  on  the  olefin  llnicage 
(PEADC,  PEPh,  PEMM,  PEDMM,  PEDCM) ,  2)  saturation  of  the  olefin 
llnicage  (PES)  with  a  progressive  shortening  (PEMo,  PEOX)  and 
lengthening  (PEA)  of  the  spacing  between  ester  carbonyl  units 
and,  3)  Increasing  the  spacing  between  maleate  groups  (PPM).  It 
must  be  realized  that  these  changes  in  composition  and  structure 
have  effects  on  the  morphology  (crystallinity)  and  thermal 
properties  (Tg  and  T^)  which  In  turn  affect  the  vapor  absorption 
sensitivity.  Differential  scanning  calorimetry  and  solubility 
Interaction  data  are  jointly  considered  when  interpreting  the 
DMMP-SAW  response  data. 
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The  polyesters  of  Table  1  were  synthesized  by  the  acid 
catalyzed  esterification  of  the  cyclic  anhydride  monomer  with 
ethylene  glycol  or  the  translsterlf Icatlon  of  the  methyl  esters 
of  oxalic,  malonic  and  acetylenedicarboxyllc  acids  with  ethylene 
glycol.  The  details  are  described  in  the  experimental  section. 
Three  general  observations  are  noteworthy.  As  the  maleic 
anhydride  monomer  becomes  more  substituted  (methyl,  dimethyl, 
dichloro),  the  esterification  reactivity  drops.  This  is 
reflected  by  more  severe  reaction  conditions  and  lower  yields. 

In  the  case  of  PEOX,  the  synthesis  is  complicated  by  a  cyclic 
dimer-linear  polymer  equilibrium^.  The  equilibrium 


is  much  more  rapidly  approached  from  the  cyclic  dimer,  which 
undegoes  a  25*0  solid-state  polymerization  to  its  equilibrium 
point  in  two  weeks  while  the  polymer  has  indefinite  stability  at 
room  temperature^.  This  polymer  purification  involves  a  tedious 
series  of  acetonitrile  extractions.  The  transesterification  of 
•  dlmethylacetylene  dlcarboxylate  is  complicated  by  a  competing 
reaction  Involving  addition  of  the  hydroxyl  group  across  the 
'  triple  bond.  As  a  model  compound  reaction,  we  observed  methanol 
to  add  across  the  triple  bond  ofi  dlmethylacetylene  dlcarboxy- 
'  late  and  Isolated  the  1;1  and  2:1  adducts. 

O  O 


fiCH30 


JLJl 


OCH. 


CH3O 


^W'^0CH3 

H  OCH-, 


CH 


0CH3 


We  presume  that  similar  chemistry  occurs  for  ethylene  glycol  in 
the  polymerization  system  and  that  a  polymer  structure  with 
varying  degrees  of  the  two  reactions  can  represent  the  coating. 
Physically,  this  coating  is  a  chloroform-soluble  hard  gum  which 
is  very  desirable  for  the  SAV  coating  application.  Considering 
it  structurally  related  to  a  substituted  PEM  with  pendant 
hydroxyl  groups,  two  coatings  with  dlol :dlmethyl  ester  stoichio¬ 
metry  ratios  of  1:1  and  2:1  were  prepared  and  included  in  the 
study. 


Morphology  information  was  obtained  from  DSC  measurements. 
Four  of  the  polymers  had  sufficient  crystallinity  for  T^ 
measurement  although  the  endotherm  for  PEDCM  was  very  weak 
indicating  a  low  level  of  crystallinity.  PEM  partially  Iso- 
merlzes  to  the  fumarate  ester  structure  during  polymerization 
(2),  which,  by  extrapolation,  would  contribute  to  the  amorphous 
character  of  the  maleic  anhydride  derived  polymers.  The  Tg 
values  are  all  below  room  temperature,  and  generally  follow  the 
dependence  on  Intermolecular  forces  and  chain  flexibility. 
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A3  a  measure  for  solubility  Interaction,  the  Hildebrand 
solubility  parameter  Is  a  simple  and  useful  index  although 
limited  to  the  regular  solution  model.  Values  for  the  polymers 
■of  this  study  are  presented  in  Table  1.  They  are  measures  of 
•  solvent-solvent  interactions  and  follow  the  polarity  of  the 
•structures.  ‘  An  attempt  was  made  to  measure  the  hydrogen  bond 
-  basicity  of  these  coatings  by  NMR^O.  However,  the  polymers 
are  not  soluble  in  carbon  tetrachloride,  and  use  of  chloroform 
with  a  correction  factor  was  not  workable  since  the  shift  caused 
by  chloroform  masked  any  effect  caused  by  the  polymer. 

SAW  vapor  sensitivity  measurements  for  DUMP  were  made  with 
112^  and  52®  MHz  devices.  The  112  MHz  measurement  Included  3 
points  in  a  concentration  range  of  6  to  30  ppm,  and  the  sensi¬ 
tivity  is  reported  as  the  slope  of  the  frequency  change  vs. 
vapor  concentration  plot  normalized  to  the  mass  of  the  coating. 
The  52  MHz  measurement  Involved  a  single  measurement  with  OMMP 
vapor  generated  from  a  O'C  bubbler  (470  ppm),  and  this  measure¬ 
ment  is  reported  as  the  mass  of  absorbed  vapor  normalized  to  the 
mass  of  the  coating.  For  the  purpose  of  comparison,  these 
measurements  are  presented  relative  to  the  value  for  the  PEM 
coating  in  Table  1. 

The  agreement  in  relative  responses  In  some  cases  is  good 
'(PEMM,  PEDCM)  while  in  other  cases  Is  poor  (PPM,  PEDCA  1:1). 
While  it  is  possible  some  crossover  in  relative  DMMP  sensitivity 
may  occur  between  the  two  concentration  ranges,  this  has  not  yet 
^'^been  experimentally  studied.  It 'is  possible  to  extract  some 
‘-'correlations  and  trends  from  the i data,  PEM  and  PPM  are  the  most 
•^^senslcive  coatings  although  all  of  the  coatings  are  within  one 
'order  of  magnitude  in  sensitivity.  The  coatings  in  Table  1  are 
listed  in  order  of  decreasing  solubility  parameter  with  the 
exceptions  of  PPM,  which  is  not  derived  from  ethylene  glycol, 
and  PEDCA' 3,  which  do  not  have  well-defined  structures.  A 
solubility  parameter  match  between  DMMP  («  =  10.6  (cal/cm^)-^ 
mole"^)  and  the  polymer  coatings  does  not  appear  to  correlate 
with  sensitivity.  PEDMM,  which  has  the  largest  solubility 
parameter  difference,  is  significantly  more  sensitive  than  PEMo, 
which  has  the  closest  solubility  parameter  match,  with  respect 
■^'to  morphology,  those  polymers  which  are  crystalline  (PEOX,  PES, 

; '  PEA  and  PEDCM)  have  lower  sensitivity  as  might  be  expected  since 
crystalline  regions  should  be  less  vapor  penetrable.  In 
■general,  it  appears  that  polyesters  have  a  high  sensitivity 
.  toward  DMMP  but  that  more  accuracy  in  the  SAW  measurement  or 
.perhaps  determination  of  the  total  adsorption  Isotherm  is 
'"necessary  to  discriminate  the  effects  of  small  structural 
'  changes  within  this  class  of  polymers.  It  is  noteworthy  that 
all  are  soluble  in  chloroform  except  PEOX. 
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TADLF.  1 

Polyester  Characterization  and  DMMP  Vapor  Response  Data 

Polymer  Structure  Xn  Tg  Tm  i  SAW  Measurement 

112  MHz  52  MHz 
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CONCLUSION 

Eleven  polyesters,  which  are  structurally  related  to  PEM, 
were  synthesized,  characterized,  and  evaluated  for  relative 
sensitivity  to  DMMP  vapor.  Characterization  Included  IR  and  NMR 
spectroscopies,  differential  scanning  calorimetry,  molecular 
weight  measurement  and  solubility  parameter.  SAW  vapor  response 
measurements  were  conducted  at  low  concentration  (6-30  ppm)  with 
112  MHz  devices  and  at  high  concentration  (470  ppm)  with  52  MHz 
devices.  All  coatings  displayed  sensitivity  at  the  low  DMMP 
concentration,  and  the  response  variation  between  coatings  was 
within  one  order  of  magnitude.  PEM  and  PPM  were  the  most 
sensitive  coatings.  Crystalline  polymers  had  lower  sensitivity 
than  amorphous  polymers.  A  correlation  of  solubility  parameter 
match  between  DMMP  and  the  coating  for  ran)clng  of  sensitivity 
was  not  effective. 
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i  ABSTRACT 

(  Four  chemical  microsensor  technologies  are  reviewed  with  special  ittention  to  their 

•  ■  physical  performance  limits  for  CBWD  detection.  The  sensors  include  Surface  Acoustic 

•  Wave  (SAW)  devices,  Chemiresistors,  CHEMFETs,  and  Optical  Waveguides. 


■  t  INTRODUCTION 

A  number  of  micrnfnbricated,  solid  state  devices  are  being  investigated  for  their 
'  I  potential  as  chemical  sensing  devices.^'^  Several  of  these  devices  are  particularly 
!  attractive  for  the  difficult  problem  of  detecting/monitoring  chemical  warfare  agents. 

Over  the  last  five  years,  we  have  investigated  a  variety  of  sensors  for  their  potential  in 
this  application.  These  sensors  include  Surface  Acoustic  Wavs  (SAW)  devices, 

,  Chemiresistors,  Optical  Waveguides,  and  CHEMFETs.  Work  on  device  design  has  been 
^  important  to  improvements  in  sensitivity  and  selectivity;  however  the  major  controlling 
feature  lies  in  the  coatings  which  are  used  to  transduce  the  presence  of  a  chemical 
!  moiety  into  a  property  detected  by  the  device.  The  operative  principle  behind  the  four 
^  sensor  concepts  are  summarized  in  Table  1.  The  enormous  variety  of  coating  materials 
and  operating  configurations  that  are  possible  with  these  devices  makes  it  very  difficult 

Ito  predict  their  ultimate  capabilities.  Nevertheless,  a  more  detailed  knowledge  of  the 
physical  principles  by  which  these  coated  devices  function  is  emergin'g.  By  carefully 
analyzing  the  coated  device  physics  it  is  possible  to  predict  some  of  the  major 
advantages  and  disadvantages  of  the  various  approaches  to  chemical  microsensor 
j  technology.^ 

TABLE  1 

CHEMICAL  MICROSENSOR  CONCEPT 


Probe 

Sensitive  Property 

Selective  Property 

Surface  Acoustic  Wave 

Mass,  Modulu.. 

Solubility 

Optical  Waveguide 

Refractive  Index 

Solubility  + 

n*  (A) 

Microelectrode  Array 

Electrical  Conductivity 

Solubility  * 

Oxid/Red 

CHEMFET 

Interfacial  Potential 

Solubility  '«■ 

Dielectric 

The  availability  of  microsensors  grouped  in  arrays  will  help  solve  the  problems  of 
obtaining  adequate  chemical  selectivity  in  a  complex  environment.*'*  An  individual 
sensor  will  not  be  uniquely  selected  to  an  individual  agent  but  the  array  response  pattern 
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will  be  characteristic  of  the  vapor  or  combination  of  vapors  to  which  the  array  is 
exposed.  Performing  quantitative  analysis  of  mixtures  is  not  possible  unless  the  number 
of  components  in  the  mixture  is  knovn  and  the  array  contains  more  sensors  than 
unknown  vapors.  This  situation  rarely  exists  in  practice.  However,  for  detection  and 
alarm  applications,  quantitative  analysis  is  not  necessary.  Rather  the  sensor  instrument 
pattern  recognition  software  can  be  trained  to  respond  to  patterns  that  correspond  to 
hazardous  conditions.  A  very  significant  advantage  of  an  array  sensor  is  that  it  can 
easily  identify  a  number  of  hazardous  vapor  conditions  that  is  far  in  excess  of  the 
number  of  sensors  in  the  array.  In  addition,  as  new  hazards  aopear,  it  becomes  feasible 
to  make  the  detector  responsive  to  the  hazard  by  changing  the  pattern  recognition 
software  rather  than  changing  the  sensors  themselves. 

SURFACE  ACOUSIC  WAVE  (SAW)  DEVICES 

Acoustic  wave  devices  are  mechanically  resonant  piezoelectric  structures  whose 
resonance  frequency  is  perturbed  by  the  mass  or  viscoelastic  properties  of  a  thin  layer 
deposited  onto  the  device  surface.^  The  most  common  configuration  for  a  Surface 
Acoustic  Wave  (Rayleigh  wave)  vapor  sensor  is  that  of  a  delay  line  oscillator  in  which 
the  device  resonates  at  a  frequency  determined  by  the  wave  velocity  and  the  spacing  of 
electrodes  used  to  excite  and  detect  the  wave.  If  the  mass  of  a  chemically  selective 

coating  on  top  of  the  device  is  altered,  then  changes  occur  in  the  wave  velocity  that  can 

be  measured  as  a  shift  in  the  oscillator  frequency. 

The  SAW  vapor  sensor  is  quite  similar  to  the  bulk  wave  piezoelectric  quartz  crystal 
sensor. However,  SAW  devices  possess  several  distinct  advantages  including 
substantially  higher  sensitivity  (owing  to  the  much  greater  device  operating  frequencies 
that  are  possible  with  SAW),  smaller  size,  greater,  ease  of  coating,  uniform  surface  mass 
sensitivity,  and  improved  ruggedness.  Demonstrated  SAW  vapor  sensors  currently  have 
active  surface  areas  of  a  few  square  millimeters  and  resonance  frequencies  in  the  range 
of  300  MHz.  Modern  microlithographic  techniques  permit  the  fabrication  of  SAW  devices 
having  a  total  surface  area  significantly  less  than  a  square  millimeter  and  resonant 

frequencies  in  the  Gigahertz  range.  A  300  MHz  SAW  device  having  an  active  area  of  8 

mm^  is  able  to  provide  resonant  frequency  shift  of  about  1500  Hz  when  perturbed  by  a 
surface  mass  change  of  1  nanogram.  This  level  of  sensitivity  is  predicted  theoretically, 
and  has  been  confirmed  experimentally  by  using  Langmuir-Blodgett  films  as  calibrated 
mass  loadings  on  the  device.'*  The  same  device  exhibits  a  typical  "noise"  of  less  than 
30  Hz  RMS  over  a  1  second  measurement  interval  (i.e.  1  part  in  10^).  Thus,  the  1 
nanogram  mass  change  will  provide  a  signal  to  noise  ratio  of  almost  50  to  1. 

The  development  of  coatings  to  selectively  adsorb  chemical  agents  is  proceeding 
steadily.*’'^"'^  Solubility  has  been  found  to  be  a  very  effective  guiding  principle  in  the 
design  of  sensitive  and  selective  coatings.'**'*  In  this  approach,  the  coating  on  the 
SAW  device  is  used  as  a  "solvent"  for  the  vapor  to  be  detected.  SAW  selectivities  in 
excess  of  10000:1  for  CW  agent/simulants:  interferenu  have  been  demonstrated  by  using 
vapor/.'oating  "solutions".**  These  same  devices  have  also  exhibited  sensitivites  adequate 
to  detect  organophosphorus  compounds  at  concentrations  below  0.1  mg/m*.  The 
selectivity  of  the  device  is  discussed  in  another  paper  by  Rose  et  al.  in  this  proceedings. 

Based  on  our  present  understanding  of  SAW  device  operating  mechanisms  and  the 
rate  of  progress  being  made  in  the  development  of  selective  coatings  based  on  solution  | 
concepts,  it  is  possible  to  broadly  define  the  performance  available  from  existing  SAW  I 
vapor  sensors  and  to  make  some  very  conservative  predictions  about  where  the  smte-of-  ( 
Uic-art  might  lie  in  the  year  2000.  These  conclusions  are  summarized  in  Table  2.  There 
are  many  new  applications  of  acoustic  microsensors  that  are  emerging.  Recent 
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developments  by  Bastianns,  et.  al.*^  and  Thompson  cf  al.”  have  extended  the  use  of 
micro-acoustic  wave  technology  to  monitoring  immunological  reactions  in  solution  with 
very  high  sensitivity.*^  This  approach  is  being  actively  investigated  for  its  potential  in 
detecting  toxins  and  other  biological  agents. 

CHEMIRESISTORS 


As  the  name  suggests,  chemiresistors  are  chemically  sensi'ivt  devices  whose 
resistance  changes  when  exposed  to  a  chemical  species  of  interest.  They  are 
distinguished  from  other  classical  electrochemical  devices  by  virtue  of  the  fact  that 
change  in  electrical  conductivity  arises  from  change  in  the  number  of  electron  rather 
than  ion  charge  carriers.  Recent  chemiresistor  devices  utilize  a  microfabricated 
interdigitated  electrode  array  coated  with  a  thin  layer  of  organic  semiconductor  film**-**,- 
which  is  chosen  to  facilitate  diffusion  of  species  into  the  film  (compared  with  denser 
inorganic  semiconductors  such  as  Si,  Ge,  GaAs).  The  noise  is  determined  by  the 
background  currents  in  the  system.  These  currents  arise  from  the  intrinsic  electronic 
conductivity  of  the  semiconductor  coating;  parasitic  conduction  paths  in  the  “insulating* 
substrate  upon  which  the  electrode  is  fabricated;  and  leakage  currents  (i.e.  input  bias 
current)  of  the  supporting  amplifier  electronics. 

Various  ohthalocyanine  coated  devices  have  been  demonstrated  that  can  detect  a 
number  of  electron  donor  and  electron  acceptor  gases  at  concentrations  below  1 
ppm**-**  With  a  specially  prepared  Pt  phthalocyanine  derivative  film,  the  Naval 
Research  Laboratory  has  demonstrated  the  selective  detection  of  DMMP  at  concentrations 
below  5  mg/m*  with  response  times  of  about  20  seconds.  This  same  coating  showed 
selectivity  between  DMMP  and  water  vapor  of  1000  to  1.  Film  deposition  was 
acromplished  using  the  Langmuir-Blodgett  method.  The  phthalocyanines  have  also  been 
shown  to  be  quite  sensitive  to  chemical  warfare  agents  in  other  work**.  There  are  a 
large  number  of  other  classes  of  organic  semiconductors  that  may  also  prove  to  be  useful 
in  vapor  detection  applications. 

The  mechanisms  by  which  the  conductivity  of  the  organic  semiconductors  is  altered 
are  complex.  Generally  speaking,  the  apparent  conductivity  of  the  device  will  be.  altered 
if  there  is  a  change  in  the  number  or  mobility  of  electronic  charge  carriers.  Vapors 
donating  or  accepting  electrons  from  the  semiconductor  will  produce  conductivity  changes 
that  depend  on  the  efficiency  of  the  charge  transfer  process.  A  typical  chemiresistor 


using  a  phthalocyanine  exhibits  a  background  current  in  the 


10 


-13 


10  10**”  amp  range. 


Thus,  the  number  of  charge  carriers  necessary  to  generate  a  signal  above  the  background 
current  fluctuation  level  will  be  in  the  range  of  10®  to  10®.  If  the  charge  transfer 
efficiency  between  the  vapor  and  semiconductor  is  high  and  the  intrinsic  carrier 
concentration  low,  then  the  chemiresistor  is  theoretically  able  to  respond  to  incredibly 
small  concentrations  of  vapor.  One  million  molecules  of  a  vapor  like  DMMP  has  a  mass 
of  about  2  X  10'*®  grams,  3  to  4  orders  of  magnitude  better  than  anything  believed  to  be 
possible  using  a  resonant  piezoelectric  device  such  as  the  SAV'  sensor.  Based  on  our 
understanding  (albeit  limited)  of  the  behavior  of  microelectrodes  and  organic 
semiconductor  films  it  is  possible  to  make  some  estimates  of  the  performance  capabilities 
of  chemiresistor  devices.  These  estimates  are  summarized  in  Table  2. 
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OPTICAL  WAVEGUIDE 


'j  The  use  of  optical  schemes  to  detect  gas  phase  chemical  species  has  a  number  of 
advantages:  the  impact  of  electromagnetic  interference  can  be  reduced,  physical  contact 
^ith  the  environment  may  be  avoided  (emission  spectroscopy),  wavelength  selectivity  may 
introduce  an  additional  degree  of  freedom  and  fiber  optics  can  facilitate  remote  detection 
^where  the  electronics  package  is  located  in  a  centralized,  secure  site.  The  optical 
■approach  has  a  number  of  generic  disadvantages  including  susceptibility  to  stray  light 
interference,  possible  photodegradation  of  organic  and  polymeric  materials  and  somewhat 
*imited  dynamic  range.  Seitz^®  has  published  a  general  review  of  fiber  optic  approaches 
to  chemical  sensors;  several  other  reviews  have  been  published  which  focus  on  optical 
jjdetectors  for  immunoassays  in  liquids.^^*^® 

'  There  are  five  conceptual  approaches  to  optical  chemical  sensors  discussed  in  the 
■literature:  absorption,  scattering,  refractometry,  emission,  interferometry.  Of  these  five, 
■only  two  (refractometry  and  interferometry)  have  been  used  to  probe  low  concentrations 
*of  gas  phase  species.  Absorption  spectroscopy,  based  on  variations  in  the  imaginary  part 
of  the  dielectric  constant,  is  a  powerful  approach  to  the  identification  of  molecules;  it  is 
[a  bad  approach  to  trace  analysis  as  one  must  look  for  small  changes  in  a  large  signal. 
Emission,  the  inverse  process  to  absorption,  is  recognized  as  a  technique  for  tr:.ce 
'analysis;  fluorescence  emission  has  been  exploited  by  a  number  of  researchers  for 
detection  in  fluids.®®'®^  This  approach  has  the  desired  characteristic  of  increasing  signal 
for  increasing  concentration,  but  only  if  the  species  fluoresces  or  reacts  with  a 
fluorescent  coating.  This  restriction  limits  the  breadth  of  this  approach. 

Photorefractometry  dates  back  to  the  1950’s  when  it  was  used  to  sensitively  measure 
the  complex  index  of  refraction  n*  of  liquids.®^  Photorefractometry  makes  use  of  the 
critical  angle  for  light  reflection  when  proceeding  from  a  higher  index  of  refraction 
media  into  a  lower  index  media.  Light  incident  on  the  interface  with  angles  below  the 
critical  angle  (i.e.  closer  to  norm«i  incidence)  tends  to  be  transmitted;  above  the  critical 
{angle  it  is  reflected.  In  a  waveguide  this  corresponds  to  light  leaving  the  guide 
(radiative  modes)  and  remaining  in  the  guide,  respectively.  Designed  carefully,  a 
photorefractometer  has  been  shown  to  measure  changes  in  n*  of  1  part  in  10®. 
Tiefenthaler  et  al.®®'®®  have  designee*  a  single  mode  waveguide  approach  to 
photorefractometry  which  has  shown  sensitive  detection  of  gas  phase  chemical  species 
(KjO,  ethanol,  and  acetone).  With  demonstrated  sensitivity  to  -0.1  ng  HjO  this 
technique  is  promising,  but  it  needs  more  research  to  define  its  full  potential  for  gas 
phase  sensing;  high  sensitivity  may  be  at  the  expense  of  dynamic  range.  The  approach 
is  amenable  to  integrated  optics  fabrication;  however,  constraints  on  the  grating  coupler 
ill  keep  the  device  size  to  millimeter  dimensions,  at  least  for  visible  light.  Giuliani  et 
j  ®4-®s  demonstrated  the  detection  of  gas  phase  chemical  species  using  a  cylindrical 
multimode  waveguide;  their  work  reports  signal  versus  concentration  data  for  several 
pecies,  including  G-agent  simulants.  Detection  of  species  at  the  parts  per  million  level 
n  the  gas  phase  has  been  shown,  as  has  some  selectivity  based  on  polymer  coatings  on 
‘the  waveguide  surface.  That  work  has  not  been  modeled  sufficiently  well  to  project 
ultimate  sensitivities;  however,  the  results  are  promising  in  that  simple,  inexpensive 
[components  made  up  the  system. 

When  a  clad  optical  fiber  is  coated  with  a  material  which  changes  size  under  the 

1  influence  of  an  external  field  (temperature,  electric,  magnetic,  etc),  the  small  change  in 
optical  path  causes  a  phase  shift  in  the  light  propagating  in  that  waveguide  which  can  be 
detected  by  watching  the  interference  fringe  pattern  set  up  by  mixing  the  light  from  an 
[uncoated  waveguide.®®  Butler®®  has  shown  that  this  concept  will  work  for  gas  phase 

. 
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a  Pt  coating.  He  estimates  that  more  careful  design  will  result  in  at  least  an  order  of 
magnitude  better  sensitivity  for  Hj  and  that  polymer  coatings  may  be  able  to  extend  the 
range  of  detectable  species.  This  approach  is  inherentlv  very  sensitive,  but  its  utility 
will  be  governed  by  as  yet  unknown  coatings. 

The  work  on  optical  waveguide  detectors  is  still  too  rudimentary  to  project  device 
limits;  some  information  is  presented  in  Table  2. 

CHEMFET 

The  CHEMFET  measures  the  gate  electrode  potential  at  a  insulator-coating  interface 
through  the  silicon-insulator  field  effect,  i.e.  changes  in  the  concentration  of  holes  or 
electrons  Just  below  the  silicon-insulator  interface.  The  Suspended  Gate  CHEMFET  is 
discussed  here  as  an  example;  this  device  has  a  gap  between  the  gate  electrode  and  the 
silicon  insulator  interface®*^*.  A  selective  coating  can  be  deposited  in  this  gap.  A 
potential  applied  to  the  gate  electrode  is  dropped  across  both  tl»e  coating  and  the 
insulator,  the  relative  amounts  determined  by  their  impedance  characteristics.  The 
sensitivity  of  the  CHEMFET  depends  on  the  transconductance  of  the  device,  and  the 
altered  potential  resulting  from  a  change  in  the  coating  impedance.  Suspended  Ga'e 
CHEMFETs  have  been  used  for  chemical  vapor  detection.?®"*®  Josowita*® 
electropolymerized  polypyrrole  on  a  Suspended  Gate  CHEMFET;  changes  in  ork  function 
wero  measured  in  response  to  various  gas  phase  dipolar  solvents.  In  principic,  a 
chemiresistive  coating  could  be  applied  to  a  Suspended  Gate  CHEMFET  (or  to  an 
interdigitized  array  in  series  with  the  gate  of  a  MOSFET). 


CONCLUSIONS 

The  SAW  sensrr  concept  is  the  best  developed  at  this  time.  However,  the 
chemiresistor  and  optical  waveguide  approaches  have  the  theoretical  capability  for 
equivalent  or  better  performance.  Whether  they  ultimately  achieve  that  performance 
depends  mostly  on  coating  development  and  to  a  lessor  extent  on  device  improvements. 

The  CHEMFET  approach  is  still  further  behind  and  ...ruggling  with  microfabrication  and 
passivation  problems.  The  impetus  for  further  development  of  the  three  trailing 
technologies  lies  in  two  observations.  First,  each  has  its  own  set  of 
advantages/disadvantages  which  may  influence  its  choice  for  a  particular  situation.  For 
instance,  the  optical  waveguide  is  insensitive  to  EMI/EMP  and  might  be  preferred  in 
systems  with  large  amounts  of  interference.  Second,  when  presented  with  an  unknown 
compound,  an  analytical  chemist  will  choose  a  suite  of  analytical  tools  to  measure  several 
physical  properties.  In  this  way,  a  more  definitive  identification  can  be  made.  The  same 
will  inevitablv  be  true  for  chemical  microsensors. 
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I  ;  _  ABSTRACT 

I I  Practical  vapor  detectors  using  chemiresistor  microsensors 
j  that  change  their  electrical  resistance  when  exposed  to  vapors 

v  require  an  inventory  of  suitable  sensor  coatings.  Structure  and 
1]  properties  of  metal-free  tetrakis  (cumylphenoxy)  phthalocyanine 
;U  were  studied  as  representative  of  the  class  of . phthalocyanine 

I  derivatives  successfully  used  in  experimental  sensors.  Electron 

I I  microscopy  revealed  that  these  coatings  consist  of  layers  built 
j  up  from  a  two-dimensional  microemulsion.  The  thermal  stability 

I  *  of  coatings  could  be  tailored  by  the  choice  of  transfer  promoter 
'  used  in  the  Langmuir-Blodgett  deposition  technique.  Kinetic 
jj  studies  showed  that  absorption  and  desorption  of  vapors  by  the 
jj  coatings  followed  a  second  order  rate  law. 


1  If  individual  vapor  sensors  are  made  very  small,  clusters 

j)  of  these  sensors  can  be  combined  in  a  vapor  detector  that  gives 
J;  a  response  pattern  characteristic  of  the  detected  vapor. 

Chemiresistor  vapor  sensors  have  the  potential  for  use  in  this 
manner.  Chemiresistors  can  be  made  by  '  positing  thin  coatings 
of  organic  compounds  over  planar  interdigital  electrodes 
I  microfabricated  on  small  quartz  substrates.  A  coating  is 
I  required  which  changes  its  electrical  resistance  on  exposure  to 
j  the  vapor  to  be  sensed.  The  fact  that  phthalocyanine  compounds 
!  I  exhibic  changes  in  conductivity  on  exposure  to  vapors  has  been 
I  known  for  many  years'^,  and  a  gas  sensor  using  vapor-deposited 
phthalocyanines  was  described  by  Japanese  workers  in  1978^. 

:|  Chemiresistors  made  by  sublimation  of  different  metal 
jj  phthalocyanines  onto  interdigital  electrodes  were  examined,  but 
r  it  w§3  found  that  at  room  ’temperature,  reversibility  was 
I  poor^.  Very  thin  coatings  would  be  expected  to  give  rapid 
i]  responses  to  vapors  because  of  reduced  diffusion  times.  One 
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method  of  preparing  reproducible  coatings  of  precisely  controlled 
thicknesses  is  the  Langmuir-aiodgett  (LB)  deposition  technique. 

In  the  classical  LB  technique,  single-molecule-thick  layers  of 
oriented  polar  organic  compounds  are  formed  on  a  water  surface 
and  then  transferred,  one  monomolecular  layer  at  a  time,  to  a 
solid  substrate  by  repeated  passing  of  the  substrate  through  the 
air /water  interface.  Organic  derivatives  of  phthalocyanine 
suitable  for  deposition  by  the  LB  technique  were  synthesized  in 
our  laboratory  .  Chemiresistors  were  prepared  from  the 
phthalocyanine  derivatives  and  were  found  to  be  more  sensitive 
and  more  :^eversible  than  the  sensors  using  sublimed 
compounds'.  A  series  of  tetrakis  (cumylphenoxy) 
phthalocyanines  containing  H-,  Co,  Ni,  Pd,  Pt,  Cu,  Zn,  and  Pb 
were  used  to  make  chemiresistors  which  were  exposed  to  ammonia, 
DMMP,  and  sulfur  dioxide®.  This  experiment  showed  that  an 
array  of  small  chemiresistor  sensors  could  produce  patterns  of 
response  when  exposed  to  low  concentrations  of  vapors. 
Reversibility,  selectivity,  and  sensitivity  in  the  low  ppm  range 
were  demonstrated. 

Relationships  between  chemical  structure,  morphology,  and 
properties  of  these  materials  are  being  investigated  so  that 
films  with  improved  vapor-sensing  characteristics  may  be 
produced.  Details  about  the  preparation  of  monolayer  films  of 
the  tetrakis  (cumylphenoxy)  phthalocyanines  and  mixed  monolayers 
containing  octadecanol  have  been  reported  elsewhere^.  Studies 
of  the  the  LB  films  of  these  compounds  by  Resonance  Raman 
Spectroscopy  have  also  been  reported"^  .  New  information  to  be 
presented  in  this  paper  includes  results  of  examination  of  the 
LB  films  by  Transmission  Electron  Microscopy,  results  of 
experiments  to  control  the  melting  point  of  mixed  films,  and 
kinetics  of  absorption  and  desorption  by  films  exposed  to 
concentrated  vapors. 


Transmission  Electron  Microscopy 

Experiment.  To  prepare  a  1:1  mole  ratio  chloroform 
solution  of  metal-free  tetrakis  (cumylphenoxy) _phthalocyanine 
(H_Pc(Cp) .)  with  octadecanol,  5  ml  of  a  4  x  10  M 
solution  of  the  phthalocyanine  was  mixed  with  1  ml  of  2  x  10  M 
solution  of  octadecanol.  A  micropipet  was  used  to  spread 
0.25  ml  of  this  solution  on  the  Langmuir  trough.  To  prepare  a 
single  layer  sample  for  examination  by  Transmission  Electron 
Microscopy  (TEM) ,  a  25  mm  x  50  mm  fused  silica  microscope  slide 
was  withdrawn  vertically  from  beneath  the  water  surface  while  the 
film  pressure  was-  maintained  at  20  mN/M.  The  resulting  film- 
covered  slide  was  platinum  shadowed  at  a  45  degree  angle  to  make 
a  replica  of  the  film.  The  replica  was  floated  off  the  surface 
of  the  silica  with  a  dilute  solution  of  hydrofluoric  acid. 

Figure  1  is  a  photograph  of  the  TEM  image. 

Discussion.  The  film  has  a  previously  unsuspected  nodular 
structure  that  looks  like  a  two-dimensional  microemulsion. 
However,  the  particles  are  not' spherical ,  but  more  like 
pancakes,,  with  width  to  height  ratios  on  the  order  of  10  or  more 
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Figure  1.  TEH  image  of  a  45°  Pt-shadowed  LB  film  of  1:1  metal- 
free  tetrakis  (cumylphenoxy)  phthalocyanine  and  octadecanol. 
Nodule  diameters  range  approximately  from  500  to  800  Angstroms. 
‘Their  heights  are  estimated  at  approximately  50  Angstroms, 


to  1.  Contact  angle  measurements  indicate  that  the  top  side  of 
the  film  is  hydrophobic.  However,  not  enough  octadecanol  is 
present  to  cover  the  entire  top  surface  of  the  film  with  a  close- 
packed  monolayer  such  as  would  be  found  in  a  true  emulsion  or 
micelle.  The  bottoms  of  the  pancake  structures  may  be 
hydrophilic,  which  would  be  consistent  with  the  apparent 
behavior  of  this  complicated  structure  as  a  classical  LB  film. 
Stacks  of  phthalocyanine  molecules  with  the  bottom  molecule  of 
the  stack  flat  on  the  substrate  would  be  consistent  with  the 
Resonance  Raman  Spectroscopic  data  .  The  area  per  molecule 
determined  by  film  pressure  vs.  area  measurements  is  too  small 
for  monomers  alone  to  be  adsorbed  at  the  surface^.  The  X-ray 
powder  diffraction  spectrum”  showing  a  3.3  Angstrom  spacing 
suggests  some  cofacial  stacking.  Electron  Paramagnetic 
Resonance  data  for  mixed  LB  films  containing  Cu  indicate  some 
anisotropy  and  may  lead  to  a  calculation  of  an  approximate 
average  angle  of  orientation  of  the  stacks.  All  of  this 
information  leads  to  a  complex  model  of  aggregated 
phthalocyanine  with  a  hydrocarbon-like  top  surface  and 
containing  some  oriented  stacks  of  the  tetrakis  (cumylphenoxy) 
phthalocyanine.  All  stacks  need  not  be  perfectly  aligned  like 
in  a  crystal.  Since  the  nodules  are  formed  by  evaporation  of 
the  chloroform  from  a  1:1  mole  ratio  mixture  with  octadecanol, 
some  octadecanol  is  likely  to  be  trapped  inside  the  nodules.  A 
monolayer  of  pure  octadecanol  probably  occupies  the  voids 
between  nodules  on  the  silica  surface. 


Influence  of  Transfer  Promoter  on  Thermal  Stability 

Experiment.  Differential  Scanning  Calorimetry  (DSC)  was 
used  to  compare  the  thermal  stability  of  several  LB  films  and 
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corresponding  bulk  transfer  promoters,.  Using  solutions  prepared 
as  described  earlier,  LB  films  of  over  a  hundred  layers  thickness 
were  deposited  onto  small  aluminum  disks  approximately  6  mm  in 
diameter.  Six  disks  were  stacked  in  the  DSC  sample  pan  for  each 
run  and  contained  a  total  of  approximately  0.2  mg  of  film^^. 
Temgerature  was  raised  at  a  constant  rate  in  the  range  of  25  to 
150  C,  and  the  heat  absorbed  or  released  was  observed.  The 
transfer  promoters  stearyl  alcohol,  stearyl  amide,  and  stearyl 
amideoxima  were  studied  as  bulk  pure  compounds,  as  LB  films,  and 
as  LB  films  mixed  with  H2Pc(Cp)^.  Results  are  in  Table  1. 


Table  1.  Melting  Points  by  DSC 


Transfer 

Promoter 

Mixed  LB  Film 
w/H^PcCCp)^ 

LB  Film 

Bulk 
(meas . ) 

Bulk 

(lit.) 

Stearyl  Alcohol 

56.3-57.9 

58.5 

58.5 

Stearyl  Amide 

107.0 

108.7,109.2 

108.7 

109 

Stearyl  Amideoxime 

not  obs. 

— 

106.8 

— 

Discussion.  The  melting  point  of  the  mixed  films  is 
determined  by  the  transfer  promoter.  In  the  case  of  stearyl 
alcohol  (octadecanol)  ,  there  is  evidence  of  irreversible  change 
near  52°  during  the  first  rising  temperature  run.  Successive 
heating  and  cooling  cycles  show  a  different  DSC  thermogram  shape. 
Morphology  changes  may  have  occurred  during  the  first  run.  In 
the  stearyl  amide  case  multiple  runs  are  identical,  and  a  two- 
phase  system  appears  to  be  present  with  some  of  the  amide 
present  in  its  pure  form.  In  the  stearyl  amideoxime  case  the 
DSC  thermogram  is  a  straight  line  between  25  and  150°  C.  The 
amideoxime  is  either  intimately  mixed  with  the  phthalocyanine  .or 
the  mixture  melts  above  or  below  the  temperature  range  of  the  i 
test.  The  general  result  of  these  experiments  is  that  mixed 
films  with  melting  points  above  100°  C  can  readily  be  made. 


Kinetics  of  Film  Interaction  with  Concentrated  Vapors 

Experiment.  Rapid  preliminary  investigations  of  the 
properties  of  candidate  coatings  for  both  chemiresistor  and 
surface  acoustic  wave  (SAW)  microsensors  were  conducted  using  a 
dual  52  MHz  SAW  delay  line  oscillator  with  one  side  used  as  a 
chemiresistor"^  .  Frequencies  were  measured  with  a  Systron- 
Donner  Frequency  Counter,  and  resistances  were  measured  with  a 
Keithley  617  Programmable  Electrometer.  Both  instruments  were 
connected  to  a  microcomputer  with  an  IEEE-488  interface  to  give 
a  simultaneous  reading  of  frequency  shift  and  resistance  change 
as  a  function  of  time  while  the  coated  sensor  was  exposed  to  a 
test  vapor.  The  frequency  shift  of  the  SAW  sensor  is  direcj^y 
proportional  to  the  mass  of  vapo;:  absorbed  into  the  coating"^  . 
Vapors  were  generated  by  bubbling  nitrogen  at  20  ml/min  through 
a  -sintered  'glass  tube  submerged  in  the  pure  liquid.  During  a 
run,  5  min  of  baseline  data  was  recorded  with  pure  nitrogen 


flowing,  then  saturated  vapor  was  switched  into  the  sample 

1  stream  for  40  min.  At  the  45-min  mark  the  pure  nitrogen  stream 
i  was  switched  in  place  of  the  vapor,  and  desorption  of  vapor  from 
!  the  coating  continued  for  the  remainder  of  the  120-min  test 

I  period.  Test  vapors  of  iodine,  dimethyl-methylphosphonate,  and 
]  ethyl-chloroethyl  sulfide  were  used  with  LB  films  for 
i  chemiresistors  and  sprayed  polymer  films  for  SAW  sensors. 

Discussion.  Both  absorption  and  desorption  of  the  saturated 
■  test  vapors  by  all  the  coatings  followed  a  second  order  rate  law. 


OUTGASSING 


Mass  of  vapor  absorbed 
Mass  of  vapor  when  saturated 
Rate  constant  . 

Time 

ABSORPTION 


C  Co  V.  ^ 

By  the  method  of  least  squares  the  best  straight  line  through  a 
plot  of  1/frequency  change  vs  time  was  fitted  to  obtain  values 
for  Co  and  k.  The  relationship  between  C  values  and  frequency 
shifts. could  be  obtained  by  calibration  of  the  SAW  device  with  LB 
films^  .  An  absolute  calibration  was  unnecessary  when  only  the 
relative  quantity  of  vapor  absorbed  per  quantity  of  coating  was 
desired.  Since  the  frequency  shift  due  to  application  of  the 
coating  was  measured,  and  the  additional  limiting  frequency  shift 
at  saturation  could  be  computed  when  SAW  frequency  shifts  due  to 
vapor  uptake  were  used  for  the  C  values  in  the  above  equations, 
the  ratio  of  the  limiting  frequency  shift  to  the  shift  due  to 
the  pure  coating  material  was  obtained.  Table  2  reports  the 
results  for  DMMP  absorption  into  several  classes  of  coatings. 

Table  2.  DMMP  Vapor  Absorbed  into  Microsensor  Coatings 


Coating  Type 


Maximum  Mass  of  Vapor  Absorbed 
per  Mass  of  Coating  (g/g) 


Polymers  for  Saw  Sensors  . 

LB  Film  Overcoated  with  Polymer^ 

LB  Mixed  Films  for  Chemiresistor  Sensors' 
LB  Transfer  Promoters'" 


0.43-0.96 

0.39 

0.05-0.13 

0.01-0.03 


a)  polyethylene  succinate,  polyethylene  dichloromaleate,  poly¬ 
propylene  maleate,  and  polyethylene  maleate. 

I  b)  H^Pc (Cp) . /stearyl  alcohol  coated  with  polyethylene  maleate. 
)  c)  as  listed  in  Table  I  with  the  addition  of  stearic  acid. 


CONCLUSIONS 


Transmission  Electron  Microscopy  coupled  with  other 
observations  indicates  that  chemiresistor  coatings  made  from 
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mixed  multilayer  films  containing  phtt^alocyanine  derivatives  are 
much  more  complex  than  classical  Langmuir-Blodgett  films.  The 
thermal  stability  of  these  coatings  is  determined  by  the  melting 
point  of  thu  transfer  promoter-  Films  with  melting  points  above 
100°  c  can  be  made.  Interaction  of  the  coatings  with 
concentrated  vapors  follows  a  second  order  rate  law.  Therefore, 
the  limiting  amount  of  vapor  absorbed  can  be  computed.  Coatings 
can  be  ranked  according  to  their  ability  to  absorb  vapors. 

Mixed  LB  coatings  can  increase  their  mass  5-13%  by  absorbing 
vapors.  An  overcoat  of  polymer  can  increase. this  vapor 
absorbing  capacity,  and  the  overcoat  may  act  as  a  selective 
membrane . 
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ABSTRACT 


Vapor  sorption  vs.  time  Is  measured  by  monitoring  the  surface  acoustic 
wave  (SAW)  frequency  of  a  quartz  substrate  under  a  polymer  film.  Uniform 
spin-coatings  are  developed.  T -dependent  effects  In  SAW  support  electronics 
and  mounting  are  minimized  and  characterized.  Kinetics  of  diffusion  of  vapors 
Into  polymer  films  are  measured  in  terms  of  concentration  and  polymer 
history.  Preliminary  data  modelling  Is  carried  out.  Aside  from  application 
in  characterizing  mass  transfer  into  and  out  of  protective  equipment  (for 
example),  results  of  this  research  may  find  use  In  development  of  a  diffusive 
sampling  (1..e. ,  pumpless)  constant-baseline  vapor  microsensor. 


INTRODUCTION 

Gas  or  vapor  transfer  within  polymers  represents  a  central  focus  of  active 
investigation  from  a  number  of  angles.  From  a  chemical  or  physical  point  of 
view,  dynamic  information  on  polymer  response  provides  a  useful  probe  into 
structure  and  its  deformation.  Of  mathematical  Interest  Is  the  qualitative 
shift  from  dispersive  to  wave  character  in  solutions  of  the  diffusion  equation 
as  nonlinearities  and  polymer  history  become  significant.  Practical 
applications  are  Immediate:  Lingering  of  hazardous  gases  following  exposure 
Is  of  Importance  both  In  military  and  Industrial  applications.  Alternatively, 
mass  transfer  is  a  dominant  phenomenon  determining  the  efficacy  of  protective* 
equipment  such  as  gloves  or  goggles.  Related  is  the  effectiveness 
of  polymers  for  use  In  packaging  or  as  protective  paints. 

Characterization  of  a  polymer-penetrant  pair  requires  measurement  of 
uptake  and  loss  vs.  time.  In  the  case  of  slowly  relaxing  glassy  polymers  in 
which  the  diffusion  rale  sometimes  depends  on  recent  exposure  history,  a 
succession  of  such  measurements  is  necessary.  So  as  to  make  such 
experimentation  feasible,  the  approach  adopted  In  the  present  paper  is  to 
employ  thin  polymeric  films  so  as  to  cut  experimentation  time  by  many  orders 
of  magnitude  from  that  required  in  characterizing  samples  of  the  order  of  tiw 
thicknesses. 

Specificapy.  a  polymer  film  Is  deposited  on  a  quartz  substrate  provided 
with  Interdigital  electrodes  for  the  transmission  and  detection  of  surface 
acoustic  waves  (SAW).  Upon’ exposure  to  soluble  gas  or  vapor,  mass  or 
elasticity  changes  in  the  film  may  be  measured  by  monitoring  shifts  In  SAW 
characteristics.  With  the  extremely  rapid  SAW  detector  response  instantaneous 
traces  in  time  can  be  determined. 
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EXPERIMENTAL 


film  deposition 

The  films  used  in  Uie  presciiL  series  of  experiments  were  composed  of 
polycarbonate,  a  gla:sy  polymer  at  room  temperature,  and  were  deposited  onto 
the  quartz  substrate  as  follows.  Polymer  dissolved  in  suitable  solvent  is 
placed  upon  the  quartz  which  is  then  immediately  spun  with  rapid  angular 
acceleration  about  an  axis  perpendicular  to  its  surface.  All  but  a  boundary 
layer  of  solution  is  thereoy  thrown  off,  leaving  behind  a  polymeric  film  after 
evaporation  of  tha  solvent.  Film  thickness  is  measured  thereafter  by 
combining  measured  film  weight  (and  area)  with  interference  fringe  shifts. 
Crystals  with  films  are  kept  in  a  dessicator  until  used,  since  humidity 
effects  were  found  to  be  excessive. 

Suitability  of  the  solvent  was  determined  by  trial  and  error.  Films 
deposited  from  chnrofcrm  solutions  proved  to  be  plagued  by  enormous  waves  in 
the  polymer.  Interestingly,  the  wave  crests  ran  radially  out  from  the  spin 
center  and  bifurcated  regularly  so  that  a  constant  wavelength  was  maintained. 
Measurement  of  the  waves  by  Interferometry  indicated  that  the  wave  amplitudes 
were  of  the  order  of  the  film  thickness  itself  and  therefore  could  lead  to  100 
percent  errors  in  transfer  rate  measurements. 

This  problem  of  film  nonuniformity  was  solved  through  the  use  of  a  more 
viscous  and  less  volatile  solvent.  Specifically,  polycarbonate  films  spun 
from  chlorobenzene  were  found  to  be  entirely  wave-free.  Perhaps,  the 
smoothness  was  obtained  ?s  a  result  of  reducing  boundary  layer  turbulence  by 
Reynolds  number  reduction  through  kinematic  vi»cosity  increase. 

apparatus 

The  results  given  below  were  obtained  using  a  52  MHz  oscillator  with  SAW 
crystal  in  a  delay  line  as  described  elsewhere. The  t-^mperature 
dependence  of  the  electronics/crystal  was  found  to  be  excessive  at  times. 
Therefore,  in  order  to  minimize  any  timperature-sensitivity,  the  entire 
oscillator  was  confined  to  an  enclosure  with  temperature  controlled  by  heater 
and  fan  to  within  ±0.1°  C  of  31.0°  C. 

Saturated  toluene  vapor  (the  penetrant  in  the  experiments  described  below) 
was  produced  by  bubbling  purified  nitrogen  and  was  then  diluted  to  the  desired 
concentration.  So  as  to  keep  the  dead  volume  delay  time  to  a  minimum,  a  large 
flow  rate  equal  to  200  mL/min  was  selected.  With  the  system  dead  volume 
estimated  at  5  mL,  200  mL/min  corresponds  to  a  delay  equal  to  about  1  sec.  A 
constant  flow  system  was  implemented  so  as  to  maintain  the  instrumental  time 
lag  at  a  constant  value  (experiment  indicated  no  flow  or  pressure  sensitivity 
of  the  SAW  crystal  outside  the  temperature  dependency  mentioned  above).  The 
result  was  a  flow  system  with  the  capability  of  switching  quickly  between  pure 
nitrogen  and  a  mixture  of  nitrogen  and  toluene. 

experimental  results 

The  following  experiments  were  conducted  using  the  equipment  described 
above.  Four  toluene  sorption/desorption  pair  runs  were  carried  out  at  each  of 
5,  10,  25,  50  and  100  percent  saturated  toluene  in  nitrogen  in  a  2800  Angstrom 
polycarbonate  film  spun  from  chlorobenzene. 
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In  Figure  1  is  shov.Tt  Ihc  sorpLion  isolherm  obtained  from  the  collective 
data  of  these  experiments.  Given  Is  the  equilibrium  SAW  frequency  shlfi  In 
terms  of  toluene  concentration.  Note  that  at  a  toluene  concen;.rat1on  equal  to 
about  20  percent  saturation,  the  curvature  In  the  sorption  Isotherm  changes 
sign.  Perhaps  the  structure  observed  In  the  curve  Is  a  result  of  the 
•combination  of  surface  adsorption  together  with  bulk  absorption  by  the  polymer 

Also  Important  Is  tha  approach  to 
equilibrium  (see  Figure  2).  At  both  0-120  * 

50  and  100  percent  saturation,  — “mn  * 

sorption  equilibrium  Is  achieved  In  a  l  *  * 

finite  time  Interval,  rather  than  via  ~2  i  **  ** 

exponential  decay.  Such  behavlyr  may  Aj  I*  »«»«*•  l■*fc»l•  n«  »»*« 

Indicate  motion  of  a  sharp  sorption  *"<  1; 

front  through  the  polymer  as  seen  20  — • _ _ 

optically  by  some  and  hypothesized  by  ^ . . 

nany  researchers. (5-6) 

-  _  ^*.L.  SATURATION  (PERCENT^ 

A  summary  of  other  nonequilibrium  ' 

features  of  the  toluene-polycarbonate  Figur*  j.  Tim*  to  h*u-*^iibrium. 

system  Is  presented  In  Figure  3.  Shown  Is  the  time  t^/,  required  for  the 
system  to  achieve  half  of  the  equilibrium  frequency  shift  for  each  of  the 
concentrations.  Were  the  diffusion  rate  0  Independent  of  concentration  then 
such  a  relaxation  time  Indicator  would  be  given  by 

t,/,  -  (ti/16).{5>/D),  (1) 

where  S  Is  the  film  thickness.  Even  though  the  diffusion  rate  Is  actually 
strongly  concentration  dependent  and,  with  glassy  polymers,  history  dependent, 
the  time  tj/.  Is  Indicative  of  relaxation  times  relevant  during  sorption 
and  desorption  and  1s  therefore  used  1n  this  paper  for  a  rough  interpretation 
of  data. 

The  following  general  observations  can  be  made  concerning  the  data  of 
Figure  3: 

(1)  Desorption  and  sorption  times  ti/j  at  each  fixed  concentration 
generally  decrease  during  the  course  of  the  experiments  as  the 
polymer  ages  and  diffusion  rates  Increase. 

(2)  The  times  tj/,  may  approach  a  limiting  value  which  as  mentioned 
above  Is  strongly  concentration  dependent  and  Is  given  approximately 
by 

t,/,  -  4  sec/S,  (2) 


■4 


I 

where  S  Is  the  concentration  measured  as  fractional  saturation 
(continuous  curve  In  Figure  3). 

(3)  Only  at  concentrations  less  than  20  percent  Is  sorption  quicker  than 
desorption  (possibly  related  to  the  curvature  shift  In  the  sorption 
Isotherm  of  Figure  1). 

In  short,  an  interesting  variety  of  qualitative  features  are  present  In  the 
data,  and  therefore  Inadequate  theory  should  straightforwardly  find  Itself 
selected  out. 


THEORETICAL 

Modelling  of  the  above  data  Is  as  yet  far  from  complete  because  of  the 
nontrivial  nature  of  the  theory  and  numerical  approximations  required. 
Nevertheless,  several  interesting  results  have  been  uncovered  and  therefore 
are  reported  here.  Our  findings  are  relevant  both  to  the  understanding  of 
diffusion  in  polymers  and  a  class  of  nonlinear  partial  differential  equations, 
as  well  as  to  numerical  methods  of  solution. 

theoretical  model 


Diffusion  of  a  substance  with  concentration  C  is  governed  by  the  diffusion 
equation, 

ac/3t  -  [3/3z03/3z]C,  (3) 

where  0  is  the  diffusion  rate  and  z  is  a  spatial  coordinate  which  here  Is 
taken  to  be  fixed  (i.e. ,  stretches)  with  respect  to  the  polymer.  At 
equilibrium,  0  Is  assumed  to  approach  a  purely  concentration  dependent 
function  Deq(C).  In  this  paper  Oeq(C}  is  modelled  as 

Deq(C)  -  Do  D,C,  (4) 

where  0^  and  0^  are  unknown  constants.  Equation  4  is  consistent  with 
Equation  2  over  a  limited  range  of  concentration  values  C. 

The  least  certain  part  of  the  diffusion  theory  concerns  the  polymer 
relaxation  following  changes  in  the  concentration,  in  other  words,  how  the 
Instantaneous  diffusion  rate  0  approaches  Ogq.  Perhaps  the  simplest 
assumption  Is  that  a  single  relaxation  time  t  Is  dominant;  i.e.,  the  rate  of 
change  of  0  is  proportional  to  its  distance  from  Ogq: 

3D/3t  -  T-i(0eq  -  0).  (5) 

Equation  5  is  actually  part  of  a  theory  to  be  found  In  the  literature 
containing  yet  further  models  to  be  sorted  out  by  experiment. (5-6) 

numerical  methods 

Numerical  solution  of  Equations  3-5  and  their  like  Is  beset  by  such 
problems  as  stability,  accuracy,  convergence  and  computation  time 
requirements. (1)  This  paper  adopts  a  heuristic  approach  which  touches  on 
others'  -methods  developed  from  alternative  viewpoints.  The  result  Is  an 
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extension  specifically  applicable  to  the  solution  of  the  diffusion  equation 
with  non-constant  diffusion  rate. 

Inaccuracy  1n  finite  difference  solutions  of  Equation  3  1;  dramatically 
evident  In  approximations  of  the  analoooui  Schrodinqer  equation  (Equation  3 
with  constant,  complex  0).  In  this  case  Inaccuracy  takes  the  form  of  the 
gradual  disappearance  of  particles — an  unacceptable  divergence  to  zero  In  a 
particle  conserving  system.  The  way  out  of  this  difficulty  is  to  revamp  the 
approximation  scheme  so  that  particles  are  conserved  exactly  at  the  finite 
difference  level — not  only  in  the  limit  of  inf initessimal  grid  spacing.  This 
Is  accomplished  by  approximating  the  argument  of  the  laplacian  by  a  two-time 
average. 

In  the  language  of  Equation  3.  the  concentration  value  Crhs  to  be  used 
in  the  right  hand  side  of  the  equation  Is  approximated  as 

Crhs  -  (Ct  +  Ct+st)/2.  (&) 

where  6t  represents  the  temporal  resolution  of  the  approximation.  This 
expression  (at  constant  diffusion  rate)  may  be  recognized  as  identical  to  the 
Crank-Nicolson  approximation. (6)  which  infinitely  extends  the  range  of 
stability  of  diffusion  equation  finite  difference  solutions.  The  diffusion 
equation  analogue  of  particle  conservation  can  also  be  carried  over  from 
quantum  mechanics  for  the  case  in  which  the  diffusion  rate  D  is  not  constant 
spatially.  The  (unpublished)  result  is  again  Equation  6  together  with  the 
following  approximation  for  the  differential  operator  on  the  right  hand  side 
of  Equation  3: 

2-a/a7(D3/az)  -  6.O2+626+,  +  (’) 

where  h±  are  forward /backward  spatial  differences  over  a  grid  with 
resolution  6z,  At  this  point  the  model  and  its  numerical  app.-oximation  are 
so  defined  that  solution  on  pr2sent-day  personal  computers  is  possible  by 
exact  solution  of  the  tridiagonal  linear  equations  which  result  using 
Equations  6-7. 

numerical  results 

No  attempt  at  fitting  the  data  presented  above  has  been  made  as  yet. 
Nevertheless,  preliminary  calculations  indicate  the  possibility  of  sharp 
concentration  front  motion  for  some  ranges  of  model  parameters  (consistent 
with  the  above  data).  For  the  case  in  which  the  concentration  at  the  polymer 
surface  is  raised  suddenly  from  zero  to  a  constant  value  C^,  there  are 
only  two  independent  parameters  which  define  all  the  model  solutions  (aside 
from  scaling  in  space  or  time): 

Ux  -  OxC^/Oo  (8) 

U,  -  To/T.  (9) 


where  (  -  i'/O^)  1s  (proportional  to)  the  relaxi'tion  tima 
were  the  diffusion  rate  constant  and  equal  to  O^.  Thereforo,  Ui 
measures  the  departure  of  the  diffusion  rate  from  constancy,  and  Va 
specifies  the  polymer  relaxation  time  t.  In  the  regime,  and 
w,  small  in  comparison  to  unity,  concentration  profiles  have  a  •fickian* 


shape  with  curvature  always 
positive.  However,  If  both 
parameters  are  large  relative  to 
unity,  the  profiles  take  on  the 
shape  of  a  sharp  (aside  from  a 
heavily  damped  advance  Ficklan 
component)  wave  front  moving  through 
the  polymer  at  constant  velocity. 

An  example  of  such  a  front  at  a 
specific  time  following  polymer 
exposure  Is  shown  in  Figure  4. 


FIgur*  4.  Concantratlon  front  profll*. 


CONCLUSIONS 


Results  presented  In  this  paper  demonstrate  the  potential  of  using  surface 
acoustic  waves  (SAW)  to  monitor  the  uptake  and  loss  of  gases  or  vapors  by 
polymers.  The  advantage  lies  In  the  film  thinness  which  makes  extensive 
experimentation  feasible  and.  In  fact,  permits  characterization  of  polymer 
history  effects.  In  this  regard,  a  simplest  polymer  relaxation  model  and  Its 
approximation  are  capable  of  depicting  sorp..on  wave  fronts  which  are  evident 
In  the  SAW  data  collected. 

Future  research  in  this  area  must  broaden  the  scope  of  the 
polymer/penetrant  systems  examined  and  their  model  descriptions.  In  a 
separate  vein,  the  relationship  between  surface  and  bulk  sorption  phenomena 
must  be  determined — by  sorting  out  surface  from  volume  effects  and  by 
determining  the  effect  of  the  specific  film  deposition  techniques  employed. 

The  results  of  this  type  of  research  could  lead  to  a  comprehensive 
understanding  of  gas  and  vapor  diffusion  In  polymers.  ' 
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ABSTRACT 

Many  gas  sensors  operate  by  detecting  the  gas  molecules  which  are  absorbed  and 
concentrated  by  a  thin  film.  The  equilibrium  distribution  of  the  gas  between  the  gas 
phase  and  the  thin  film  (or  stationary  phase)  can  be  quantified  by  the  partition 
coefficient.  Polymer/gas  partition  coefficients  have  been  calculated  from  the 
responses  of  polymer-coated  surface  acoustic  wave  (SAW)  vapor  sensors,  and  these 
values  are  in  agreement  with  values  determined  independently  by  gas-liquid 
chromatography.  Quantification  of  the  gas-polymer  interaction  facilitates  the 
interpretation  and  prediction  of  SAW  sensor  behavior,  and  is  relevant  to  any  gas 
sensor  employing  a  thin  absorbent  film. 

INTRODUCTION 

A  key  component  of  many  gas  sensors  is  the  chemical  coating  material  which 
absorbs  and  concentrates  the  gas  to  be  detected.  Absorption  of.  the  .gas  can  be  modeled 
as  a  solute-solvent  interaction,  where  the  gas  is  the  solute  and  the  sensor  coating  is 
the  solvent.  This  model  has  been  very  useful  in  understanding  the  behavior  of  surface 
acoustic  wave  (SAW)  vapor  sensors,  which  detect  the  mass  of  vapor  absorbed  into  a  soft 
polymeric  stationary  phase  coating.  (Further  details  on  SAW  vapor  sensor  operation 
can  be  found  in  reference  I.) 

The  solute  hydrogen  bonding  properties,  in  particular,  have  been  indicated  as  an 
important  factor  in  determining  the  sensitivity  and  selectivity  of  SAW  vapor  sensors. 
Using  pattern  recognition  techniques,  the  data  from  a  variety  of  coating  materials  on 
SAW  devices  exposed  to  vapors  with  a  full  range  of  solubility  properties  were 
examined.  Heiarchical  cluster  analysis  demonstrated  that  vapon  which  could  accept  or 
donate  hydrogen  bonds  were  distinguished  from  non-hydrogen  bonding  vapors.^ 

A  better  understanding  of  the  factors  influencing  the  sorption  of  gases  and 
vapwrs  into  sensor  coating  materials  would  facilitate  the  development  of  gas  sensors 
for  specific  applications.  Indeed,  one  of  the  attractive  features  of  sensors 
employing  thin  absorbent  films  is  their  pxJtential  to  be  adapted  to  a  wide  variety  of 
gas  phase  analytical  problems  by  strategic  design  or  selection  of  the  coating 
material.  However,  full  realization  of  this'  potential  will  require  methods  to 
quantify,  understand,  and  ultimately,  to  predict,  the  vapor/coating  interactions 
responsible  for  vajrar  sorption. 


Quantification  of  the  equilibrium  distribution  of  vapor  between  the  gas  phase  and 
a  sensor  coating  (stationary  phase)  can  be  achieved  using  a  partition  coefficient,  K, 
which  gives  the  ratio  of  the  concentration  of  the  vapor  in  the  stationary  phase,  Cj, 
to  the  concentration  of  the  vapor  in  the  gas  phase,  Cy  (equation  [1]). 

K  -  Cs/Cy  [1] 

This  concept  is  illustrated  in  Figure  1. 

Partition  coefficients  are  a  particularly  useful  concept  for  thinking  about  SAW 
sensor  responses  because  the  sensors  response,  a  frequency  shift,  can  be  directly 
related  to  the  partition  coefficient  by  equation  [2]. 

Afy  -  Afj  Cv  K.  /  />  (2] 

In  this  equation,  Afy  is  the  frequency  shift  caused  by  vapor  absorbed  into  the  coating, 
Afj  is  the  frequency  shift  caused  by  the  application  of  the  coating  to  a  bare  device  (and 
provides  a  measure  of  the  amount  of  coating  applied),  Cy  is  the  concentration  of  the 
vapor  in  the  gas  phase,  K  is  the  partition  coefficient,  and  />  is  the  coating  material 
density.  With  this  simple  equation,  partition  coefficients  can  be  calculated  from  SAW 
sensor  data.  Alternatively,  if  K  is  known  from  GLC  measurements  cr  solvatochromic 
correlation  equations,  then  these  values  can  be  used  to  estimate  SAW  sensor  responses 
using  equation  [2]. 

The  relationship  between  partition  coefficients  and  SAW  sensor  responses  was 
experimentally  tested  using  the  coating  material  ’fluoropolyoP,  which  has  proven  in 
repeated  testing  to  be  a  very  well  behaved  and  reproducible  sensor  coating.  The 
structure  of  the  repeat  unit  of  fluoropolyol  is  shown  in  Figure  2.  Polymer/gas  partition 
coefficients  calculated  from  sensor  responses  were  compared  with  the  same  partition 
coefficients  determined  independently  by  GLC  measurements,  using  fluoropolyol  as  the 
column  stationary  phase.  The  resulu  are  in  good  agreement,  confirming  the  solubility 
model  above.  Hiis  work  is  presented  briefly  below;  additional  details  can  be  found  in 
references  3-5. 
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Figure  1.  The  partition  coefficient. 


Figure  2.  Fluoropolyol. 


SAW  PARTITION  COEFRCIENTS 

SAW  vapor  sensors  were  prepared  by  spray  coating  one  delay  line  of  a  dual  delay 
Line  SAW  device  with  a  dilute  solution  of  fluoropolyol,  as  has  been  described 
previously.^*'*  These  season  were  tested  against  vapors  by  alternately  exposing  them  to 
clean  air  or  a  calibrated  vapor  stream  using  an  automated  vapor-generation  instrument 
described  in  reference  6.  The  change  in  the  frequency  observed  when  the  gas  over  the 
sensor  was  changed  from  clean  air  to  vapor  gives  Afy.  For  reliable  measurements  of  K, 
this  frequency  shift  must  be  determined  only  after  the  sensor  has  reached  a  stable, 
equilibrium  response  level. 

In  this  study,  we  report  data  for  two  158  MHz  SAW  vapor  season  labelled  *A"  and 
*B*.  Sensor  "A"  had  223  kHz  of  fluoropolyol  coating,  and  was  tested  against  vapon  in 
three  separate  testing  sequences  over  a  two  month  period.  It  was  tested  a  fourth  time 
several  months  later.  Sensor  'B*  had  221  kHz  of  fluoropolyol  coating,  and  was  tested 
twice.  These  tests  were  conducted  at  35  ±  2^C.  These  data  provide  comparisons  of 
reproducibility  from  one  sensor  to  another,  as  well  as  the  reproducibility  of  a  single 
sensor  tested  repeatedly  over  several  months.  Data  sets  of  vapor  exposures  were 
collected  by  exposing  the  season  to  each  of  nine  vapon,  each  vapor  at  four 
concentrations,  each  concentration  repeated  four  times.  In  addition,  dimethyl 
methylphosphonate  (DMMP)  was  repeated  throughout  the  dataset  and  its  reproducibility 
was  very  good. 

The  Saw  frequency  shifts  for  each  vapor  exposure  were  used  to  calculate  partition 
coefficients,  denoted  according  to  equation  [10].  These  were  converted  to 

logarithms  and  the  sixteen  values  for  each  vapor  (or  ca.  one  hundred  for  DMMP)  were 
averaged  and  their  standard  deviation  determined.  These  log  K^aW  values  are  reported 
in  Table  I.  The  standard  deviations  of  these  values  were  typically  0.02  to  0.10  log  units. 

The  average  log  Ksy^W  values  for  each  vapor  are  generally  consistent  over  the  six 
datasets  collected.  For  six  of  the  nine  vapors,  the  difference  ^tween  the  highest  and 
lowest  values  is  0.15  log  units  or  less.  A  variation  of  */-  0J)75  log  units  in  log 
corresponds  to  */-  18%  in  the  SAW  Afy  values.  For  comparison,  the  uncertainty  in  the 
vapor  concentrations  is  up  to  */-  15%,  depending  on  the  particular  concentration 
generated.”  These  results  demonstrate  that  fluoropolyol-coated  SAW  sensors  can  be 
fabricated  and  tested  reproducibly,  and  that  the  responses  do  not  change  over  a  period 
of  months.  Previous  results  with  fluoropolyol  on  112  MHZ  dual  delay  line  SAW  devices 
have  shown  that  sensor  responses  are  similar  from  one  day  to  two  months  after  coating, 
and  that  annealing  the  fluoropolyol  film  at  llO^C  for  one  hour  did  not  influence  its 
performance.'*  The  vapor/coating  interactions  are  therefore  cousistent  and  reproducible, 
and  fit  the  model  of  simple,  revenible  sorption. 

For  most  of  the  vapors  the  calculated  K^aW  values  were  constant  over  the 
concentration  range  reported.  This  corresponds  to  a  linear  sorption  isotherm,  as 
illustrated  for  1 -butanol  in  Figure  3.  The  number  next  to  each  data  point  is  the 
corresponding  K^aW  value.  A  linear  sorption  isotherm  represents  ideal  solution  behavior. 
The  sorption  isotherms  of  dimethyl  methylphosphonate  (DMMP),  and  N,  N- 
dimethylacetamide  deviated  significantly  from  linearity,  with  KgAW  values  decreasing  with 
increasing  concentration.  These  results  are  illustrated  for  DMMP  in  Figure  3  and  suggest 
specific,  preferential  vapor/oligomer  interaction  at  low  concentrations.  This  interaction 
is  likely  to  be  hydrogen  bond  formation  between  hydrogen  bond  donating  (HBD)  hydroxyl 
groups  on  the  fluoropolyol  and  hydrogen  bond  accepting  (HBA)  oxygen  atoms  on  the 
vapor. 

The  influence  of  temperature  op  SAW  sensor  responses  was  investigated  by 
measuring  the  sorption  of  DMMP  at  20  fig/L  at  six  temperatures  between  35  and  80°C. 
Sensor  response  and  vapor  sorption  decrease  exponentially  with  increasing  temperature. 
Thus,  log  K.  decreases  linearly,  from  ca.  6.5  at  35*^0  to  ca.  5.0  at  80*^0. 


TABLE  I.  Log  Ks/^\y  Values  for  Fluoropolyol 


Typical 

Concentration  Sensor.  Data  Set 


Range 

pg  L’* 

A.l 

A.2 

A.3 

B.l 

B.2 

A,4 

DMMP 

29  -  137 

6.33 

6.21 

6.22 

6.30 

6.28 

6.28 

N,N-Dimethylacetamide 

11  -  81 

6.37 

6.21 

6.08 

6.18 

6.11 

6.13 

1 -Butanol 

1310  -  7820 

3.82 

3.86 

3.85 

3.92 

3.86 

3.94 

2-Butanone 

16400  -  95400 

3.60 

3.54 

3.53 

3.61 

3.58 

3.64 

Water 

893  -  5320 

3.49 

3.31 

3.10 

3.13 

3.43 

3.54 

Diethyl  sulfide 

9030  -  53500 

3.19 

3.11 

3.08 

3.23 

3.14 

3.23 

Toluene 

7080  -  42000 

3.03 

2.96 

2.94 

3.09 

3.03 

3.04 

1 ,2-Dichloroe  thane 

2u600  -  120000 

2.69 

2.63 

2.57 

2.70 

2.57 

2.61 

Isooctane 

15000  -  88500 

2.31 

2.29 

2.20 

2.41 

2.25 

2.27 

TABLE  IL  Comparison  of  Log 

and  Log  Values 


VAPOR  LogKsAW  Log  Kqlc 


DMMP 

6.52 

7.53 

N.N-Dimethylacetamide 

6;33 

7.29 

1 -Butanol 

3.88 

3.66 

2-Butanone 

3.58 

3.48 

Water 

3.33 

2.89 

Diethyl  sulfide 

3.16 

2.54 

Toluene 

3.02 

2.64 

1 ,2-Dichloroethane 

2.63 

1.94 

Isocctane 

2.29 

1.22 

•  !•••  «•••  ••••  »•••  9—^ 


Figure  3.  Sorption  isotherms. 


GLC  PARTITION  COEFFICIENTS 

Partition  coefficients  for  a  wide  variety  of  solute  vapon  were  determined  by 
gas-liquid  chromatography  using  fluoropolyol  as  the  stationary  phase.  Partition 
coefficients  as  defined  in  equation  [1]  are  actually  identical  to  the  Oswald  solubility 
coefficients  usually  denoted  as  L.  We  will  continue  to  use  the  symbol  K,  end  refer  to 
GLC  partition  coefficients  as 

Absolute  values  of  K,qi^q  were  obtained  essentially  as  described  previously  in 
reference  7,  using  glass  columns  1.5  m  long  containing  a  4%  loading  of  fluoropolyol  on 
acid- washed,  silanized  chromosorb  G,  with  helium  as  the  carrier  gas  and  a  thermal 
conductivity  detector.  Corrections  for  the  pressure  drop  across  the  column  and  for 
gas  imperfections  were  carried  out.  Two  series  of  measurements  were  made,  at  2S°C 
and  60°C  using  alcohols  as  standard  solutes.  Additional  solutes  were  then  examined  at 
25°C  and/or  60^C  using  a  flame  ionization  detector.  Relative  values  of  K  were 
converted  to  absolute  values  using  the  known  absolute  values  of  the  standard  solutes, 
as  described  before.^ 

GLC  peaks  on  fluoropolyol  were  sometimes  broad,  especially  at  2S^C.  Therefore, 

26  1Cqi^(^  values  were  determined  at  both  25°C  and  60°C  and  the  following  correlation 
was  found  to  hold: 

log  KgLC  (250C)  -  0.728  1.470  log  KqlC  (60°C)  [3) 

n  -  26,  sd  -  0.1S6,  r  -  0.986 

When  retention  times  were  too  long  to  measure  at  25^C,  equation  [3]  and  the 
measured  value  of  KqlC  **  60®C  were  used  to  estimate  die  value  of  Kqlc  **  25®C. 

Log  and  log  values  for  nine  solute  vapon  are  compared  in  Table  2, 

with  the  vapors  in  order  of  decreasing  log  K^aw*  AH  Hie  GLC  values  refer  to 
25®C.  In  one  case,  diethyl  sulfide,  the  log  Kqi,c  va^lues  was  estimated  from  varbus 
correlations  we  have  constructed  using  solvatochromic  pahuueten.  Log  KqlC  values 
refer  to  the  vapor  concentration  at  infinite  dilution.  The  log  K^aW  values  refer  to 
35®C  and  finite  vapor  concentrations.  Except  for  DMMP,  aad  N,N-dimethylacetamide, 
the  values  reported  are  averages  of  those  in  Table  I.  The  two  exceptions  showed 
significant  increase  in  K  with  decreasing  concentration,  and  the  values  in  T.ble  2  are 
for  the  lowest  concentrations  measured. 

DISCUSSION 

The  log  KsaW  values  correlate  qualitatively  with  the  log  values  in  Table 

II.  With  the  exception  of  the  estimated  value  of  log  diethyl  sulfide,  the 

order  of  decreasing  log  K  is  identical  for  the  SAW  and  GLC  measurements.  The  log  K 
values  for  specific  vapon  are  not  always  identical.  However,  the  experimental 
conditions  for  measuring  partition  coefficients  with  a  SAW  device  are  somewhat 
different  than  those  for  GLC  measurements.  SAW  measurements,  for  instance,  are 
carried  out  at  finite  vapor  concentrations  while  the  GLC  measurement  refen  to 
infinite  dilution.  In  addition,  the  SAW  measurements  reported  here  were  conducted  at 
3S®C,  while  the  GLC  measurements  were  rigorously  thermostatted  to  2S®C.  Finally, 
the  ^culation  of  KsaW  assumes  that  the  vapor  causes  the  sensor  to  respond  based 
on  effects  alone;  if  mechanical  effects  become  signifkant  for  a  partieuiar 
vapor/coating  interaction,  then  the  calculated  K^aW  ^'HI  be  inaccuiate.  One  or  more 
of  the  above  facton  may  be  responsible  for  differences  in  Ike  precise  values  of  log 
KsaW  log  KglC  shown  in  Tabic  IL 

For  example,  for  DMMP,  the  log  Kqlc  was  1  log  unit  higher  than  log  KsaW- 
The  DMMP  sorption  isotherm  in  Figure  3  shows  rhat  log  KgAW  'vill  increase  as  DMMP 
concentration  approaches  zero,  thus  more  closely  appioximatiag  the  log  KglC  value. 
Temperature  effects  also  show  that  if  the  KgAW  measurement  were  at  25®C  instead  of 
35®C,  then  log  KsaW  would  be  closer  to  the  log  Kglc 


Th(;  temperature  effects  observed  are  worth  examining  for  practical  reasons.  The 
results  demonstrate  that  precise  thermostatting  of  a  SAW  sensor  to  fractions  of  a 
degree  is  clearly  not  critical,  but  variations  of  ten  degrees  may  influence  sensor 
response  and  reproducibility.  The  form  of  equation  [3]  shows  that  temperature  effects 
wiU  be  largest  for  the  most  strongly  sorbed  vapors.  For  example,  DMMP  sorption  with 
log  of  at  25°C,  is  predicted  to  be  7.0  at  35^C,  a  difference  of  0.5  log  units. 

By  comparison,  a  log  K  vidue  of  3.0  at  25^C  becomes  2.9  at  35°C,  a  difference  of  only 
0.1  log  unit  Therefore  increasing  temperature  reduces  selectivity  in  addition  to  the 
sensitivity. 

The  temperature  effect  and  the  overall  correlation  in  the  order  of  and 

KglC  values  are  consistent  with  the  sorption  model.  Accordingly,  -  partition 
coefficients  are  a  useful  concept  for  interpreting  SAW  sensor  behavior,^*^  and  a  more 
detailed  consideration  of  the  factors  responsible  for  sorption  is  warranted.  Since 
partitioning  represents  dissolution  of  a  solute  vapor  into  the  solvent  stationary  phase, 
solubility  interactions  must  be  relevant  in  determining  sensor  responses. 

A  simple  examination  of  the  order  of  the  partition  coefficients  determined  in  this 
study  illustrates  the  importance  of  solubility  properties.  The  lowest  K  values  are  those 
of  isooctane,  a  solute  which  is  not  dipolar  or  polarizable,  and  which  cannot  accept  or 
donate  hydrogen  bonds.  Solutes  which  are  more  polarizable,  such  a  dichloroethane, 
toluene,  and  diethyl  sulfide  have  greater  K  values  than  isooctane.  However,  these 
solutes  are  still  incapable  of  hydrogen  bonding.  The  top  of  the  list  contains 
exclusively  those  solutes  which  can  accept  and/or  donate  hydrogen  bonds.  Vapor 
-sorption  is  also  influenced  by  the  saturation  vapor  pressure,  of  the  solute  vapor,^ 
with  lower  P^y  giving  larger  partition  coefficients.  For  example,  both  DMMP  and  2- 
butanone  are  hydrogen  bond  acceptors.  But  DMMP  has  a  much  lower  P^y  and  is  more 
strongly  sorbed. 

Solubility  interactions  can  be  placed  on  a  more  quantitative  scale  by  the  use  of 
solvatochromic  parameten.  which  describe  the  dipolar  and  hydrogen  bonding  properties 
of  the  solute  vapors.^^'^^  Such  parameters  are  available  for  a  wide  range  of  vapors, 
but  similar  parameten  are  not  yet  available  for  very  many  coating  materials.  In  order 
to  better  undentand  vapor/coating  interactions,  it  will  be  necessary  to  also 
characterize  the  solubility  properties  of  the  stationary  phase  coatings.  In  addition,  it 
would  be  desirable  :o  be  able  to  predict  partition  coefficients  for  any  vapor  with  any 
characterized  phase.  Methodologies  to  accomplish  this  are  being  developed  using 
equations  of  the  general  form  shown  in  equation  (4].^^ 


log  K  -  constnnt  ♦  str*  ♦aa  ♦b^  'fllogL 
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Ml 


In  this  equation,  the  parameten  a*,  a.  0,  and  log  characterize  the  solute 
vapor,  a*  measures  the  ability  of  a  compound  to  stabilize  a  neighboring  charge  or 
dipole.  For  non-protonic,  aliphatic  solutes  with  a  single  dominant  dipole,  *  values  are 
approximately  proportional  to  molecular  dipole  moments,  a  and  0  measure  solute 
hydrogen  bond  donor  acidity  and  hydrogen  bond  acceptor  basicity,  respectively.  is 

the  Ostwald  solubility  coefficient  (partition  coefficient)  of  the  solute  vapor  on 
hexadecane  at  25^C,  and  provides  a  measure  for  dispenion  interactions.  The 
coefficients  s,  a,  b,  and  1  are  determined  by  multiple  regression  analysis  and 
characterize  the  stttionary  phase.  For  example,  b,  as  the  coefficient  for  solute 
hydrogen  bond  acceptor  basicity,  provides  a  measure  of  the  stationary  phase  hydrogen 
bond  donor  acidity.  For  any  particular  stationary  phase/vapor  interaction,  evaluation. 
of  the  individual  terms  (such  as  b0)  and  comparison  of  their  magnitudes  allows  the 
relative  strengths  of  various  Mlubility  interactions  to  be  sorted  out  and  examined. 

The  structure  of  fluoropolyol  by  itself  does  not  allow  precise  predictions  of  which 
interactions  will  be.  most  important  in  determining  the  sorption  of  a  particular  vapor. 
Full  characterization-  of  fluoropolyol  by  GLC  mesurements  and  equations  of  the  form 


in  [4]  is  in  progress.  In  addition,  various  other  polymeric  sutionary  phases  which 
have  been  useful  as  SAW  sensor  coatings  are  being  examined.  Once  a  regression 
equation  has  been  determined  for  a  given  phase,  partition  coefficients  can  be 
predicted  for  any  vapor  whose  solvatochromic  parameters  are  known. 


CONCLUSIOr4S 

An  equation  has  been  derived  which  relates  SAW  vapor  sensor  frequency  shifts 
directly  to  partition  coefficients.  This  equation  has  been  validated  by  a  comparison 
and  correlation  of  partition  coefficients  determined  independently  by  SAW  vapor 
sensor  responses  and  GLC  measurements.  This  correlation  also  confirms  reversible 
sorption  as  the  mechanism  of  vapor/coating  interaction.  Solubility  properties  such  as 
dipolarity  and  hydrogen  bonding  are  indicated  as  important  factors  in  determining  the 
extent  of  vapor  sorption.  The  saturation  vapor  pressure  of  the  solute  vapor  also 
influences  sorption.  The  direct  relationship  between  SAW  sensor  response  and 
partition  coefficients  provides  an  avenue  for  estimating  SAW  sensor  response  from 
measured  GLC  partition  coefficients.  Partition  coefficients  predicted  from  solute 
vapor  solvatochromic  parameters  and  correlation  equations  characterizing  the  solvent 
stationary  phase  are  also  expected  to  be  useful  for  estimating  SAW  sensor  responses. 
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SYNTHESIS  AND  EVALUATION  OF  HEXAFLUORODIMETHYLCARBINOL 
FUNCTIONALIZED  POLYMERS  AS  SAW  MICROSENSOR  COATINGS 


L.  G.  Sprague,  A.  W.  Snow^,  R.  L.  Soulen,  John  Lint, 
H.  Wohltjen,  D.  S.  Ballantine  and  J.  W.  Grate 


ABSTRACT 

Polystyrenes,  polyacrylates  and  poly(3,4-isoprenes) 
incorporating  the  hexafluorodinethylcarbinol  functionality  have 
been  synthesized,  characterized  and  tested  for 
dimethylmethylphosphonate,  DMMP,  vapor  absorption  sensitivity. 
The  syntheses  involve  monomer  functionalization  and 
polymerization  or  hexafluoroacetone  reaction  with  preformed 
polymer.  SAW  microsensor  testing  (158  MHz)  over  a  large  DMMP 
vapor  concentration  range  demonstrated  exceptional  DMMP 
sensitivity  (up  to  40%  by  weight  absorption  at  P/P©  of  0.80) 
when  compared  with  polystyrene  and  polyacrylate  control 
polymers.  IR  spectroscopic  investigation  of  DMMP  vapor 
absorption  indicates  conversion  of  free  hydroxyl  groups  to 
hydrogen  bonded  groups,  and  the  order  of  sensitivity  increased 
with  quantity  of  free  hydroxyl  relative  to  hydrogen  bonded 
hydroxyl  in  the  fluoroalcohol  polymer.  Acylation  of  the 
hydroxyl  group  and  retesting  further  confirmed  the 
effectiveness  of  the  hydrogen  bonded  interaction  on  DMMP 
absorption  sensitivity. 


INTRODUCTION 

Coatings  for  chemical  microsensors  with  highly  sensitive, 
reversible  and  selective  absorptions  for  particular  vapors  are 
necessary  for  the  successful  development  of  electronic  chemical 
microsensors.  In  this  work,  coatings  which  have  a  specific 
interaction  with  g-agent  simulants  are  being  investigated  using 
a  surface  acoustic  wave  (SAW)  device.  The  SAW  device  detects 
extremely  small  gravimetric  changes  in  a  coating  (i.e.,  vapor 
absorption  and  desorption)  by  a  shift  in  resonant  frequency  of 
the  piezoelectric  substrate.  Approaches  to  the  design  of 
coating  chemical  structure  involve  selection  and  incorporation 
of  an  appropriate’  functional  group  to  serve  as  a  vapor  receptor 
site  and  the  thermodynamic  considerations  of  solubility 
interactions.  Previous  work  from  this  laboratory  has  followed 
the  functional  group  approach  with  a  model  reactive  polymer- 
vapor  poly (ethylene  maleate)-cylopentadiene  system^,  a  series 
of  amidoxim^  functionalized  poly(butadiene-co-acrylonitrii.e) 
coatings^  and  a  comparative  study  of  N-vinylimidazole  and  4(5)- 
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Figure  1.  Structures  of  Fluoroalcohol  and  Control  Polymers. 
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vinyl  imidazole  homcpolymer  coatings'^  while  the  solubility 
interaction  approach  was  studies  with  a  series  of  poly (ethylene 
maleate)  variant  structures^.  The  current  work  is  directed  at 
synthesis  of  f luoroalcohol  polymer  coatings  and  evaluation  of 
hydrogen  bonding  promoted  absorption  of  phosphonate  esters. 

The  hexaf luorodimethyicarbinol  functionality  was  first 
incorporated  into  copolymers  to  utilize  the  hydrogen  bonding 
capability  for  preparation  of  polymer  blends  by  Pearce^. 

Barlow  extended  this  concept  to  microsensor  coatings  using  a 
styrene-4-vinylhexafluorocumyl  alcohol  copolymer  on  a 
piezoelectric  crystal  for  sensing  DMMP^.  To  more  closely 
examine  the  structure-property  relationship  of  fluoroalcohol 
polymers'  absorption  of  DMMP  vapor,  we  have  synthesized, 
characterized  and  testPd  a  variety  of  homo  and  copolymers 
incorporating  the  hexaf luorodimethyicarbinol  functioiality  as 
presented  in  Figure  1.  The  hydroxyl  groups  of  two  of  the 
fluoroalcohol  polymers  have  been  acylated  to  demonstrate  the 
hydrogen  bonding  effect  of  the  hydroxyl  group. 

EXPERIMENTAL 

All  reagents  and  solvunts  were  of  rear  ant  grade  quality, 
purchased  commercially  and  used  without  further  purification 
unless  otherwise  noted.  Elemental  analysis  was  performed  by 
Schwartzkopf  Microanalytical  Laborc-cory.  DMMP  absorption 
isotherms  were  determined  by  frequency  response  measurements  of 
153  KHz  SAW  devices  coated  with  a  250  KHz  fluoroalcohol  polymer 
film  exposed  to  varying  concentrations  of  DMMP.  Measurements 
were  conducted  at  Microsensor  Systems,  Inc.  using  a  VG  7000 
automated  vapor  delivery  system  with  DMMP  source  bubbler 
maintained  at  15°C  and  SAW  device  at  25°C. 

NRL  Flucropolvol .  FPOL.  This  material  is  a  fluoroepoxy 
prepolymer  synthesized  from  hexafluoroacetone,  benzene,  propene 
and  epicholoroh'/drin  some  years  ago  at  NRL  for  coating 
applications^ . 

Polvf4-vinvlhexafluorocurovl  alcohol).  PSpFA. 

4-Bromostyrene  (2.0  g,  0.011  mole)  was  dissolved  in  2  ml  THF 
and  added  to  magnesium  (1.0  g,  0.04  g-atom)  with  stirring. 

Upon  initiation  of  the  Grignard  reagent,  magnesium  (5.0  g,  0.21 
g-atom)  was  added  followed  by  4-chlorostyrene  (33.1  g,  0.231 
mole)  and  48  ml  THF.  The  resultant  dark  green  solution  was 
stirred  at  room  temperature  for  1  hr.  Hexafluoroacetone 
(42.8  g,  0.258  mole)  was  introduced,  and  the  solution  stirred 
for  1  hr  followed  by  pouring  into  100  ml  3N  HCl  to  produce  a 
yellow  oil.  The ’oil  was  separated,  combined  with  two  80  ml 
CHCI3  extracts,  rotary  evaporated,  dissolved  in  200  ml  10%  w/v 
NaOH,  rotary  evaporated,  acidified  with  200  ml  6N  HCl, 
separated,  dried  over  Na2S04  and  distilled  in  vacuo  to  yield 
39.9  g  (59%)  with  99%  GC  purity.  The  monomer  (5.01  g,  0.019 
mole)  was  polymerized  with  AIBN  initiator  (0.131  g,  0.008  mole) 
irr  125  ml  benzene  at  6C°C  to  yield  4.08  g  (80%)  polymer. 
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Polvf 3-vinvlhexafluororumvl  alcoholK  PSrnFA.  This  nononer 
was  prepared  in  a  sinilar  Banner  from  3-broraostyrene  (5.11  g, 
0.023  mole).  Mg  (0.7  g,  0.029  g-atom)  and  30  ml  THF.  Yield 
3.90  g  (52%).  The  monomer  (3.44  g,  0.013  mole)* was  polymerized 
with  AIBN  initiator  (0.011  g,  0.0008  mole)  in  10  ml  benzene  at 
60°C  to  yield  2.23  g  (65%)  of  filtered  polymer. 

Polvf 2-vinvlhexafluorocumvl  alcohol).  PSoFA.  This  monomer 
was  prepared  in  a  similar  manner  from  2-bromostyrene  (1.55  g, 
0.0C09  mole),  Mg  (0.22  g,  0.009  g-atom)  and  8.5  ml  THF.  Yield 
0.99  g  (43%).  The  monomer  (0.96  g,  0.0036  mole)  was 
polymerized  with  AlBN  initiator  (0.0032  g,  0.0003  mole)  in  3.0 
ml  benzene  at  60°C  to  yield  0.24  g  (25%)  product. 

Polvf  2-phenvl-l ,  1 . 1 .  ,  J  ,  3-hexaf  luoro-2-Dropvl  acrvlatel  , 

PA.  The  corresponding  monomer  was  prepared  by  reacting  61.0  g 
2-hydroxy-2-phenyl-l,l,l,3,3,3-hexafluoropropane  with  27.15  g 
acryloyl  chloride  catalyzed  by  triethyl  amine  in  100  ml  freon 
113  at  5  to  15 ‘C  under  nitrogen.  After  aqueous  acid  and  base 
extraction  workup,  the  monomer  was  isolated  by  vacuum 
distillation  (50-5'’ *  C/0. 2mm)  followed  by  alumina  column 
chromatography  (freon  113  elution)  and  vacuum  distillation  (55 
to  57’C/0.2mm)  to  yield  34. 8g  of  99.8%  (GC)  pure  monomer.  A 
1.15  g  quantity  of  monomer  in  8  ml  THF  was  polymerized  in  the 
presence  of  0.0024  g  AIBN  initiator  at  60*C.  The  polymer  was 
isolated  by  precipitation  in  500  ml  60/40  methanol/water  and 
vacuum  dried. 

Polvr  4- f 1 . 1 , 1 . 3 . 3 . 3-hexaf luoro-2-hvdroxv-2- 
propvU  ohenvlene-1 . 1 . 1 . 3 . 3 . 3-hexaf luoro-2-propvl 
acrvlatel . PAFA.  The  corresponding  monomer  was  prepared  by 
reacting  5.00  g  1, 4-bis (2-hydroxyhexafluoro-2-propyl) benzene 
with  0.99  g  acryloyl  chloride  catalyzed  by  3.70  g  triethyl 
amine  in  120  ml  ether  at  2  to  4*C.  The  reaction  was  worked  up 
by  extracting  with  HCl  and  NaHC03  and  analyzed  by  GC  to  contain 
45.2%  diol,  37.7%  monoacrylate  .^nd  19.9%  diacrylate.  The  diol 
was  separated  by  sublimation  (60*C/0.15  mm).  The  diacrylate 
and  monoacrylate  were  separated  by  silica  column  chromatography 
with  chloroform  elution  and  the  monoacrylate  sublimed  (90*C/0.1 
mm)  .  A  second  silica  column  and  sublimation  purification 
yielded  monoacryl ite  monomer  >99%  pure  by  GC.  A  0.28  g 
quantity  of  this  monomer  in  2  ml  THF  was  polymerized  in  the 
presence  of  0.00048,  AIBN  initiator  at  60*C.  The  polymer  was 
isolated  by  precipitation  in  water  and  vacuum  dried  to  yield 
0.1558  g. 

Polvf 3 . 4-i soorene)  functionalized  fluoraalcohols .  PIPFAl 
and  PIPFA2.  The  precursor  polymer,  poly (3, 4-isoprene)  was 
prepared  by  Ziegler -Nata  polymerization  by  a  modified  procedure 
of  Natta^°.  The  catalyst  was  prepared  by  inert  atmosphere 
addition  of  0.25  ml  titanium  tatrapropoxide  followed  by  0.75  ml 
triethyl  aluminum  to  50  ml  toluene.  After  aging  for  15  min,  15 
ml  freshly  distilled  iaoprene  was  added,  and  the  polymerization 
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conducted  at  23 ’C  for  10  hr.  The  polymer  was  isolated  by 
precipitation  into  300  al  methanol  acidified  with  0.5  ml  HCl 
and  vacuum  dried  to  yield  1.32  g.  PIPFAl  was  prepared  by 
reacting  0.50  g  PIP  with  7.73  g  hexafluoroacetone  in  3  ml 
benzene  in  a  smal.l  Fisher-Porter  tube  at  120*C  for  12  hr.  On 
cooling  the  polymer  precipitated  from  solution  and  was  purified 
by  dissolution  in  methanol  and  precipitation  in  ether  followed 
by  vacuum  drying  to  yield  0.93  g.  Analysis:  found  0,44.32; 
H,3.93;  calc,  for  CsHg (C3F6O) q. ao  C,44.22;  H,3.98.  PIPFA2  was 
prepared  by  reacting  0.25  g  PIP  with  0.36  g  hexafluoroacetone 
in  3  ml  benzene  in  a  small  Fisher-Porter  tube  at  100*0  for  12 
hr.  The  reaction  mixture  was  evaporated  to  dryness,  product 
dissolved  in  methanol,  precipitated  into  water  and  vacuum  dried 
to  yield  0.39  g.  Analysis:  found  0,53.45;  H,5.48;  calc,  for 
05H8(03F60)o.46  C,53.04;  H,5.54. 

Acylation  of  FPOL  and  PSoFA.  A  0.65  g  quantity  of  FPOL 
was  reacted  with  0.57  g  acetylchloride  catalyzed  by  0.73  g 
triethyl  amine  in  10  ml  chloroform  at  20*0  for  1  hr.  The 
reaction  mixture  was  extracted  with  5%  HOI  and  water,  dried 
over  Na2S04,  filtered,  evaporated  to  dryness  and  vacuum  dried 
to  yield  0.67  g.  A  0.32  g  quantity  of  PSpFA  was  reacted  with 
0.47  g  acetylchloride  catalyzed  by  0.60  g  triethyl  amine  in  10 
ml  THF  at  20*0  for  3  hr.  The  reaction  was  worked  up  by 
filtering  drying  over  Na2S04.  An  IR  spectrum  indicated  only  a 
partial  acylation  had  been  accomplished,  and  the  product  was 
cycled  through  the  acylation  reaction  two  more  times  to  yield 
0.22  g  product  with  a  greater  than  90%  acylation. 

RESULTS  AND  DISCUSSION 

The  initial  report  of  a  fluoroalcohol  polymer  as  a  highly 
sensitive  phosphonate  ester  vapor  absorbing  coating  was  that  of 
Barlow  in  1984'.  In  that  particular  copolymer  of  styrene  and 
4-vinyl  hexafluorocumyl  alcohol,  the  trifluoromethyl  groups 
would  be  expected  to  enhance  the  hydroxyl  hydrogen  bond  acidity 
and  phosphonate  ester  absorption.  At  that  time  and  inspired  by 
that  report,  we  tested  a  fluoroepoxy  prepolymer  which  was 
available  at  NRL  from  previous  aircraft  coatings  work®. 

Although  this  material  does  not  have  trifluoromethyl  groups 
positioned  alpha  to  the  hydroxyl  sites  (see  Figure  1) ,  it 
possesses  exceptional  phosphonate  ester  sensitivity  and  good 
coating  mechanical  properties.  This  polymer  is  referred  to  as 
FPOL  and  has  been  studied  as  a  SAW  vapor  sensor  coating^^. 

A  recent  Workshop  on  Coatings  for  Microsensors  recommended 
that  the  homopolymer  of  styrene  with  a  hexafluorodimethyl- 
carbinol  group  in  the  para  position,  PSpFA,  be  synthesized  with 
the  objective  of  having  adequate  quantity  of  this  structurally 
well-defined  coating  available  for  extensive  characterization, 
testing  and  cooperative  work  with  other  laboratories.  For 
comparative  purposes,  synthesis  of  the  ineta,  PSmFA,  and  ortho, 
PSoFA,  subst-ituted  isomers  was  also  undertaken.  PSpFA  was 
prepared  from  the  monomer  which  was  synthesized  from  p-chloro- 
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styrene  by  a  method  similar  to  that  reported  by  Pearce^.  PSmFA 
and  PSoFA  were  analogously  prepared  by  reaction  of  the 
corresponding  Grignard  reagents  and  hexaf luoroacetone  followed 
by  radical  polymerization.  In  our  hands  the  optho  isomer 
polymerized  poorly  and  only  a  trivial  amount  of  polymer  was 
available  for  study. 


A  polyacrylate  fluoroalcohol ,  PAFA,  and  polyacrylate 
control,  PA,  were  synthesized  as  comparative  analogues  with  the 
polystyrene  series.  The  issue  of  interest  here  is  the  effect 
of  a  basic  carbonyl  site  incorporated  into  the  polymer 
structure.  PA  and  PAFA  were  synthesized  by  the  following 
reactions. 


A  third  approach  is  directed  at  incorporation  of  the 
hexaf luorodimethylcarbinol  group  into  an  isoprene  rubber  which 
complements  previous  observations  that  rubbery  coatings  have 
higher  absorption  capacity  for  vapors.  The  poly (3 , 4-isoprene 
f luoroalcohols) ,  PIPFAl  and  PIPFA2,  were  synthesized  by 
reacting  poly  (3 , 4-isoprene)  vj.th  hexaf  luoroacetone  presuming 
similar  chemistry  to  occur  as  reported  by  Urry^^  for  the 
reaction  of  perfluoro)cetones  with  terminal  olefins.  Multiple 
addition  of  hexaf luoroacetone  to  the  3, 4-isoprene  repeat  unit 
is  possible. 
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Figure  2.  DMMP  Absorption  Isotherms  for  Polystyrene  and  Poly¬ 
acrylate  Pluoroalcohol  and  Control  Coatings. 


Figure  3.  Infrared  Spectra  of  Hydroxyl  Region  of  Poly (styrene) 
Fluoroalcohols, 


Two  polymers  were  prepared:  one  with  a  high  ratio  of 
hexafluoroacetone  to  isoprene,  PIPFAl,  and  one  with  a  low 
ratio,  PIPFA2. 

DMMP  vapor  absorption  isotherms  were  determined  by 
depositing  a  thin  film  of  polymer  on  a  158  MHz  SAW  device  and 
measuring  the  frequency  shift  with  varying  DMMP  vapor 
concentration  up  to  80%  saturation  at  25*C.  This  data  for  the 
polystyrene  and  polyacrylate  series  is  presented  in  Figure  2. 
The  SAW  frequency  shift  may  also  be  expressed  as  a  weight 
percent  of  absorbed  DMMP  by  dividing  by  the  frequency  shift 
caused  by  the  film  deposition  mass.  Typically,  for  strong  100 
KHz  DMMP  shifts  the  corresponding  weight  percent  of  absorbed 
DMMP  is  40%.  The  large  enhancement  resulting  from 
incorporating  the  hexafluorodimethylcarbinol  group  in  the 
polymer  matrices  is  observed  by  comparison  of  the  PS  and  PA 
controls  with  the  corresponding  fluoroalcohol  polymers. 

For  the  polystyrene  series,  the  order  of  DMMP  sensitivity  (meta 
>  para  >  ortho)  is  paralleled  by  the  intensity  of  free  hydroxyl 
IR  band  at  3600  cm“^  (Figure  3).  This  observation  indicates 
that  a  free  hydroxyl  is  a  stronger  DMMP  receptor  site  than  one 
hydrogen  bonded  within  the  polymer  matrix.  Data  for  the 
polyisoprene  f luoroalcohols  is  comparable  in  sensitivity  to  the 
polystyrene  and  polyacrylate  fluoroalcohols  but  displays  an 
isotherm  crossover  (Figure  4) . 

To  further  illustrate  the  effect  of  the  fluoroalcohol 
group  on  DMMP  absorption,  FPOL  and  PSpFA  were  acylated  and 
retested  for  DMMP  absorption.  The  SAW  isotherm  data  is 
presented  in  Figure  5.  The  effect  of  converting  the  hydroxyl 
to  an  acetate  group  is  a  marked  lowering  of  the  DMMP  absorption 
particularly  at  the  low  concentration  end  of  the  isotherm  as 
illustrated  by  the  enormous  difference  in  slopes.  This  is  very 
important  for  detection  applications  directed  at  high 
sensitivities.  The  higher  sensitivity  of  PSpFA  may  be  an 
effect  of  a  higher  hydroxyl  group  density  and  stronger  acidity 
although  PSpFA  is  glassy  while  FPOL  is  rubbery. 

The  infrared  spectra  of  FPOL  and  PSpFA,  their  acylated 
adducts  and  their  DMMP  vapor  absorption  provides  additional 
molecular  insight  (Figures  6  and  7) .  As  might  be  expected  from 
steric  considerations,  the  free  hydroxyl  content  as  indicated 
by  the  3600  cm"^  band  is  substantially  greater  for  PSpFA  than 
for  FPOL.  However,  the  acylation  reaction  was  nearly 
quantitative  for  FPOL  and  only  approached  90%  after  3  acylation 
cycles  for  PSpFA  as  indicated  by  the  residual  hyudroxyl  band  at 
3400  cm”^.  The  1760  cm"^  caroonyl  band  of  the  acyl  group  is 
also  prominent.  When  DMMP  vapor  is  absorbed  by  FPOL  or  PSpFA, 
the  free  hydroxyl  disappears  and  the  hydrogen  bonded  hydroxyl 
band  shifts  from  3390  to  3370  cm“^  and  from^  two  bands  at  3430 
and  3200  to  one  at  3110  cm"^,  respectively.*  The  most  prominent 
DMMP  band  is  at-  1040  cm“^  as  indicated  by  an  arrow.  When  the 
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Fi.gure  4.  DMMP  Absorption  Isotherms  for  PIPFAl  and  PIPFA2, 
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Figure  5.  DMMP  Absorpt-on  Isotherms  for  FPOL  and  PS pF A  and 
their  Respective  Acylated  Analogues. 
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Figure  6.  Infrared  Spectra  of  FPOL,  Acylated  FPOL  (FPOL-AC)  and 
their  Respective  Absorption  of  DUMP  Vapor. 


acylated  analogues  are  exposed  to  DKMP  vapor>  absorption  is 
less  as  indicated  by  the  intensity  of  the  1040  band  which 

is  consistent  with  the  SAW  result  above. 

CONCLOSIOM 

The  hexafluorodinethylcarbinol  group  is  a  potent  receptor 
site  for  D^P.  The  polymer  matrix  to  which  it  is  attached  does 
not  strongly  affect  the  DMMP  absorption  sensitivity  as 
demonstrated  by  the  polystyrene,  polyacryliite  and  polyisoprene 
fluoroalcohol  series.  However,  the  free  hydroxyl  content 
should  be  Baxiaized  for  highest  sensitivity. 
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Tbe  relative  humidity  of  ambient  air  can  have  a  aignificant 
impact  on  many  physical  and  chemical  processes  of  industrial 
interest  (i-5).  As  a  result,  research  toward  the  development 
of  sensitive  and  reliable  humidity  sensors  has  increased. 
Cumnt  developments  have  centered  around  either  electronic 
devices  (e.g.,  moisture-sensitive  resistors,  capacitors,  or  con¬ 
ductive  cells),  or  colorimetric  devices.  The  electronic  sensors 
exhibit  sensitivity  to  temperature  as  well  as  humidity,  whereas 
colorimetric  reagents,  su^  as  metal  salts  of  Co’*,  Cu’*,  or  V**, 
are  highly  selective  for  moisture  with  little  or  no  temperature 
dependence.  These  colorimetric  reagents  are  usually  sus¬ 
pended  in  geb  or  in  adsorbent  paper.  The  extent  of  hydration 
is  determined  by  visual  inspections,  which  are  highly  subjective 
and  nonquantitetive. 

The  use  of  colorimetric  reagents  coated  on  an  optical 
waveguide  has  been  demonstrated  (S).  Such  devices  have  the 
advantage  of  higher  sensitivity  and  quantitative  precision 
compared  to  visual  methods.  The  use  of  an  optical  fiber  sensor 
for  humidity  measurements  has  been  described  by  Russell  and 
Fletcher-(/T-  They  employed  a  cobalt  chloride/gelatin  film 
on  a  silica  O).  Jeal  fiber  as  the  humidity  probe.  These  probes 
were  attach^  to  an  optical  system  consisting  of  a  visible  light 
monochromator  and  a  photodetector.  While  this  system  was 
useful  in  demonstrating  the  applicability  of  optical  devices 
as  humidity  sensm,  it  is  not  practical  for  field  applications. 

In  this  work  we  describe  an  optical  waveguide  humidity 
sensor  that  also  uses  a  cobalt  chloride/polymer  film.  It  utilizes 
small,  inexpensive  optical  components  that  enhance  the 
practical  nature  of  the  device  for  use  in  the  field,  or  for  other 
applications  requiring  a  portable  detector.  Experimental 
results  and  response  characteristics  are  presented,  and  possible 
improvements  of  the  devices  are  discuased. 

THEORY 

The  optical  waveguide  is  rilated  to  internal  reflection 
spectroscopyi  which  haa  been  described  in  detail  by  Harrick 
(8).  It  takes  advantage  of  the  fact  that  light  will  propagate 
through  a  medium  (Le.,  a  glass  rod  or  optical  fiber)  by  internal 
ranecti>uv  The- lightwave  can  interact  with  a  second  material 
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which  is  in  contact  with  the  reflecting  surface  of  this  medium. 
The  degree  of  interaction  is  related  to  the  angle  and  wave¬ 
length  of  t'  I  incident  light  and  the  refractive  indexes  of  the 
two  medis 

If  the  refractive  indexes  of  the  waveguide  and  the  coating 
materia)  are  nearly  equal,  then  the  lightwave  is  not  reflected 
at  the  glass/film  interface,  but  travels  unimpeded  into  the 
film  (see  Figure  1).  The  lightwave  would  then  be  reflected 
at  the  film/air  interface.  If  light  is  absorbed  as  it  passes 
through  the  film,  then  the  waveguide  can  be  used  for  spec¬ 
troscopic  anatyses.  The  mors  reflections  that  occur,  the  greater 
the  degree  of  interaction  of  the  lightwave  with  the  film.  The 
sensitivity  of  the  device  is  thus  a  function  of  the  length  and 
thickness  of  the  waveguide. 

EXPERIMENTAL  SECTION 

A.  Device  Coaspanants.  Tht  waveguide  humidity  detector 
consists  of  an  optical  waveguide  coated  with  a  reagent/polymer 
film,  a  light  source,  a  photodetector,  and  an  associated  eleetronics 
package. 

The  light  sources  used  in  this  study  were  light  emitting  diodes 
(LEDs).  They  are  relatively  inexpensive,  and  commercially 
available  in  four  spectral  ranges  (red,  orange,  yellow,  green). 
Phototrsnsistors  wem  used  as  photodelectors.  Like  the  LEDs, 
they  are  suitable  iar  ass  in  a  small  device,  are  relatively  inex¬ 
pensive,  and  commercially  available.  The  spectral  response  of 
the  phototransistam  used  in  this  study  drops  off  dramatically 
below  600  nm,  so  only  Iba  red  (GGO  nm)  and  orange  (635  run)  LEDs 
were  used  as  light  murcea. 

The  waveguide  ceaaistcd  of  a  thin-walled  glass  capillary  tube 
(~I.O  mm  e.d.  x  90  mm  long;  0.2  mm  thick  wall).  One  end  of 
these  capillary  tubes  was  rounded  off,  which  aided  in  focusing 
the  transmitted  onto  the  phoiotranaistor.  Clear  plastic  rods 
were  used  to  ntanuCseUira  optical  couplers  that  were  bored  to 
accommodate  tne  individual  components  (see  Figure  2).  These 
couplers  held  the  aplieal  components  in  a  rigid,  reproducible 
geometry  which  sBsainatad  the  naod  to  strictly  control  tha 
wavelength  or  angle  af  incident  light.  In  addition,  these  couplers 
enhanced  the  transmimion  of  light  from  the  LED  to  the  wave¬ 
guide,  and  from  the  wovegntde  to  the  phototrartsistor.  Cells  to 
hold  the  waveguide  ware  fashioned  out  of  pUrtie  rods  that  were 
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FIgur*  1.  Oiagram  Mustratlng  the  Intsraction  ol  an  internally  rellectad 
aghtwava  with  a  thin  mm  coated  on  the  surface  of  a  glass  capiltary 
waveguide. 
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Figure  2.  Diagram  of  the  compottents  comprising  the  optical  wave¬ 
guide  detector. 
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Figure  3.  System  diagram  for  the  optical  waveguide  humidity  detector. 

bored  to  hold  the  optical  components.  Tliese  celts  have  a  very 
small  dead  volume  and  were  painted  black  to  prevent  the  in¬ 
troduction  of  stray  light 

The  electronics  package  O'  igure  3)  consists  of  a  modulated  LED 
power  source  a'  1  signal  processor  which  amplifies,  demodulates 
and  niters  the  phototranaistor  voltage.  A  3- Hz  RC  timed,  eatable 
m'  .  .  ibrator  circuit  is  used  to  pulse  modulate  the  LED.  Mod¬ 
ulation  of  the  light  source  is  essential  for  reducing  the  effects  of 
temperature  drift  in  the  phototransistor  dark  current.  Without 
modulation,  small  variations  in  phototransistor  temperature  would 
produce  unacceptable  variations  in  the  base  line  signal.  The 
phototransistor  signal  was  ampliHed  by  using  an  ac  coupled  op- 
amp  and  fed  into  an  absolute  value  circuit  znd  low  pass  niter 
which  provided  a  dc  voltage  level  proportional  to  the  intensity 
of  light  striking  the  phototransistor.  Small  variations  in  light 
intensity  produced  by  changes  in  the  waveguide  coating  char¬ 
acteristics  produced  very  easily  measured  changes  in  the  output 
voltage  of  the  electronics  syatem.  The  system  also  was  equipped 
with  offset  and  gain  controls  to  permit  output  signal  adjustment 
to  0%  and  100%  transmittance  conditions. 

B.  Reagent  Filma.  The  colorimetric  reagent  selected  for 
testing  with  this  device  was  CoClj-SHjO.  The  anhydrous  salt 
fCoCl])  is  blue  and  ezhibits  a  strong  absorption  peak  between 
600  and  750  nm.  When  hydrated,  the  absorption  peak  shifts  to 
500  nm,  c^acteristic  of  the  CoClyOHjO  complex.  This  behavior 
is  completely  reversible  and  b  well  suited  for  probing  with  LEDs 
that  produce  635-660  nm  wavelengths  of  light. 

Since  the  anhydrous  cobalt  chloride  is  a  crystalline  salt  that 
does  not  readily  adhere  to  the  surface  of  the  waveguide,  it  was 
suspended  and  immobilized  in  a  poly(vinylpyrrolidone)  (PVP) 
film.  The  PVP  film  has  a  refractive  index  of  1.53  (9),  which  is 
slightly  greater  than  that  of  the  soda  lime  glass  waveguide  (no 
w  1.49).  Under  these  conditions,  light  would  travel  unimpeded 
through  the  glass/nim  interface  and  be  reflected  at  the  film/air 
interface.  In  addition,  PVP  is  optically  transparent  in  the 
wavelength  region  used  for  this  study. 

We  were  interested  in  determining  the  effect  of  various  film 
parameters  on  the  devioe'tesponae.  For  this  reason,  solutions  were 
prepared  in  acetone/HjO  that  contained  varying  concentrations 
of  CoClj^HjO  (from  30  mg/nL  to  230  mg/mL).  Known  weights 
of  poly(vinylpyrrolidone)  (PVP)  were  then  added  to  these  solutions 
to  produce  solutions  containing  0.75-3.0%  (w/w)  of  PVP.  In 
addition,  solutions  of  just  (}aCIr6H]0  and  just  PVP  vttn  prepared 
to  examine  the  effect  of  each  component  on  the  overall  response. 

Prior  to  coating  with  reagent/polymer  films,  the  waveguides 
were  etched  for  5  min  in  a  buffered,  dilute  HF  solution.  Reagent 


Table  I.  Film  Reagent  Coneentratinna  and  Repoaae 
Characteristics 


film 

ICnCI,-fiH,01. 

%  PVP 

100%  r. 

rei»ponii«  lime. 

label 

m{/mL 

(w/w) 

mV 

s 

AB  I 

133 

2.0 

1900 

57 

AB2 

161 

1.5 

1200 

51 

AB  4 

168 

0.75 

850 

47 

AB5 

67 

1.0 

825 

49 

AB6 

230 

0.86 

1210 

70 

AB  10 

100 

1.0 

1250 

52 

AB  12 

100 

1.0 

1720 

47 

AB  17 

200* 

1.5 

3560 

170 

AB  IS 

200* 

1.5 

2450 

88 

DIP  1 

30 

1.0 

2430 

66 

DIP  10 

100 

1.0 

1710 

52 

•Thick. 

‘Tnin. 

films  were  then  applied  using  one  of  two  different  methods. 

The  first  method  involved  dip-coating  the  waveguides  by  im¬ 
mersing  them  in  a  solution  and  slowly  withdrawing  them.  As  the 
solvent  was  evaporated  rrith  a  heat  gun,  a  light  blue  film  of 
CoCli/PVP  was  deposited  on  the  surface  of  the  waveguides.  The 
second  method  involved  using  an  air  brush  to  spray  a  light  mist 
of  reagent/solvent  on  the  waveguide  surface,  which  was  then  dried 
using  a  heat  gun.  The  films  produced  by  dip  coating  were  thicker, 
and  contained  areas  of  high  CoCI]  concentrations,  indicated  by 
spots  of  darker  blue  color.  Air  brush  films  were  generally  thinner 
and  more  evenly  distributed.  Waveguides  coated  with  these  films 
were  exposed  to  varying  concentrations  of  water  vapor  at  22  *C. 
The  int^uction  of  water  vapor  to  the  cell,  and  the  acquisition 
of  response  date  were  controlled  by  the  computer  system  described 
below. 

C.  Analytical  System.  A  gas  handling  system  was  designed 
and  constructed  to  control  the  introduction  of  vapor  and/or 
diluting  air  to  the  sensor.  Flow  rates  of  water-saturated  air  and 
dry  air  were  controlled  with  variable  rotameters.  Introduction 
of  clean,  dry  air  or  water-saturated  air  to  the  sensor  was  controlled 
by  solenoid  valves  which  had  been  interfaced  to  an  Apple  lie 
microcomputer  via  the  I/O  game-controller.  The  percent  relative 
humidity  of  weter-saturated  air  was  assumed  to  be  —95%  when 
calculating  the  reletive  humidity  of  diluted  vapor  streams. 

Voltage  deta  from  the  phototransistor  were  collected  by  the 
Apple  II  via  an  A/D  converter  card.  Voltage  vs.  time  data  were 
plotted  by  using  our  own  data  acquisition  program. 

Before  data  were  coUected,  a  waveguide  was  inserted  into  the 
holder  assembly,  the  LED  was  turned  off,  and  the  zero  adjust¬ 
ments  were  mads.  The  LED  wes  then  turned  on,  and  the  null 
adjustment  was  used  to  produce  an  output  voltage  just  greater 
than  0  V.  The  device  was  then  ready  for  testing. 

RESULTS  AND  DISCUSSION 

Response  characteristics  and  film  properties  are  listed  in 
Table  I.  Individual  films  are  identified  as  air-brushed  films 
(AB)  or  dipped  films  (DIP).  Examples  of  typical  humidity 
reponse  curves  are  given  in  Figure  4.  In  general,  the  response 
follows  an  S-shaped  curve,  with  percent  transmission  in¬ 
creasing  rapidly  in  the  range  of  6&-85%  relative  humidity 
(RH),  and  then  gradually  leveling  off  as  1(X)%  RH  is  ap¬ 
proached.  This  behavior  holds  true  for  all  C0CI2/PVP  films. 

Films  of  PVP  alone  exhibited  no  significant  response  to 
water  vapor.  It  appears  that  the  polymer  film  serves  two 
purposes;  first,  it  acts  as  a  binder  to  ensure  long  life  and  good 
contact  between  the  reagent  film  and  the  waveguide  surfaces, 
and  second,  it  acts  as  a  protective,  semipermeable  membrane 
to  regulate  the  introduction  of  water  vapor  to  reagent.  Films 
containing  CoCIt  alone  exhibited  poor  adherence  to  the 
waveguide  surface.  Signal  losses  were  noted,  which  may  be 
the  result  of  light  scattering  off  CoCI]  crystals. 

To  determine  the  effect  of  film  variables  on  response,  re¬ 
sponse  times  were  determined  for  each  film  and  are  sum¬ 
marized  in  Table  I.  These  response  times  represent  the  time 
required  for  the  device  response  to  level  off  at  a  maximum 
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Figur*  4.  TTwsa  S-shapod  curvM  are  typical  of  ina  wavagukta  davica 
rasponsa  (AmV)  vs.  parcent  ralativa  humidity  (%  RH).  (a)  FUms  pra- 
pared  Irom  solutions  ol  100  mg/mL  CoCt,  and  1.0%  RVP.  Ctrvas  are 
lor  Iha  (oflowing  films;  (1)  DIP  10;  (2)  A8  12;  (3)  AB  10.  (b)  Films 
prepared  from  solutions  of  200  mg/mL  CoCt,  and  1.5%  PVP.  Curves 
are  for  iha  folowing  isms:  (1)  AB  17;  (2)  AB  18. 

value  upon  exposure  to  an  air  stream  of  95%  RH.  The  two 
variables  ezaioined  were  film  thickness  and  cobalt  chloride 
concentration. 

To  determine  the  effecta  of  film  thickness,  response  times 
for  films  prepared  from  the  same  solution  were  compared. 
Figure  4a  shows  response  curves  for  three  (3)  films  prepared 
from  a  solution  100  mg/mL  of  cobalt  chloride  and  1.07*  (w/w) 
of  PVP.  Figure  4b  shows  response  curves  for  two  films  pre¬ 
pared  from  a  solution  of  200  mg/mL  cobalt  chloride  and  1.5% 
PVP.  It  is  worth  noting  that  while  the  maximum  signals  vary, 
the  relative  shapes  of  these  curves  are  very  similar. 

Since  the  films  in  each  case  were  preparH  from  the  same 
respective  acdutiona,  any  difference  in  response  times  should 
be  due  to  difference  in  film  thickness.  A  qualitative  assess¬ 
ment  of  relative  film  thicknesses  can  be  made  by  comparing 
maximum  signals  (100%  T);  thicker  film  containing  more 
CoCl]  would  exhibit  a  larger  difference  between  0%  and  1007« 
T. 


For  the  three  films  represented  in  Figure  4a,  no  appreciable 
difference  in  response  limes  is  observed,  even  though  the 
maximum  signals  differ  by  30%.  For  the  films  represented 
i>i  Figurv  4li,  tiuwever,  Uieru  in  uii  ubvioua  iiicreuae  in  natpuniHi 
time  with  film  thickness-  The  data  also  indicate  some  de¬ 
pendence  of  response  time  on  CoCl}  concentration  for  some 
films  iMit  this  effect  is  not  ns  strnngly  indicated  ns  the  effect 
of  film  thickness. 

The  dependence  of  response  time  on  film  thickness  is 
readily  explained,  in  that  it  takes  longer  for  a  thick  film  to 
become  saturated  and  reach  equilibrium  with  water  vapor  than 
for  a  thin  film-  For  films  adth  high  concentrations  of  cobalt 
chloride,  it  is  poaaibb  that  microcrystals  of  the  metal  salt  have 
formed  within  the  film.  Such  microoystals  may  be  responsible 
for  the  increased  response  times  observed  for  some  films 
containing  high  coocentrations  of  CoCl{. 

CONCLUSIONS 

The  waveguide  humidity  aennor  presented  here  exhibits  very 
good  sensitivity  m  the  range  of  60-95%  RH.  The  general 
response  data  follow  an  S-shaped  curve,  and  are  comparable 
to  the  results  obtained  by  Russell  and  Fletcher.  Our  results 
indicate  that  the  portable,  inexpensive  device  described  here 
can  be  used  to  obtain  reliable  humidity  measurements. 

Before  the  device  can  be  utilized  aa  a  throw-away  device, 
better  agreement  between  individiud  waveguides  is  necessary. 
This  involves  applying  uniform,  reproducible  films  on  indi¬ 
vidual  capillary  waveguidsa.  Tha  devica  could  then  be  de¬ 
veloped  aa  is  for  um  in  specific  cases  where  the  desired  hu¬ 
midity  levels  are  within  the  range  of  good  response. 

Further  development  of  the  reagent/polymer  film  may 
extend  the  region  of  reliable  response  of  the  present  device. 
Such  film  development  could  include  the  use  of  polymer/ 
copolymer  films  of  different  bygroscopicity  (e.g.,  polyfvinyl 
alcohol)  (PVA)  or  polyfstyrenesulfonic  acid)  (PSSA),  or 
combinations  of  diRerent  metal  salto  as  reagents. 

In  addition,  some  form  of  temperature  monitoring  or  control 
would  be  desirable  to  facilitate  conversioiTS  from  parts  per 
million  (HjO)  to  percent  relative  hmnidity  and  vice  versa. 
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Mixed  mono  and  multilayer  L-B  nims  of  tetrakis(cuinylpbenoxy)phthalocyanina  compounds  and  stearyl 
alcohol  were  transferred  to  a  dual  52-MHz  stirface  acoustic  wave  (SA^^  device  for  simultaneous  measurement 
of  the  electrical  conductivity  and  mass  changes  caused  by  doping  with  iodine  vapor.  The  conductivity 
increased  by  4  orders  in  magnitude,  and  a  complex  formation  stoichiometry  of  two  to  four  iodine  atoms 
per  phthalocyanine  ring  was  measured.  Variation  of  the  complexed  central  metal  ion.  which  included  cobalt, 
nickel,  copper,  z'nc,  palladium,  and  platinum  as  well  as  hydrogen,  had  very  little  effect  on  either  the 
magnitude  of  the  conductivity  increase  or  the  complex  stoichiometry.  The  measured  conductivity  increased 
with  increasing  film  thickness  but  approached  a  constant  value  when  the  film  became  thicker  than  the 
planar  interdigital  microelectrode.  The  quantity  of  iodine  a  phthalocyanine  film  may  absorb  is  dependent 
on  the  Him  morphology,  while  the  magnitude  of  the  conductivity  increase  is  nearly  independent  of  the 
morphology. 


Introduction 

Tliin  films  of  phthalocyanine  compounds,  in  general,  and 
those  prepared  by  the  Langmuir-Blodgett  (L-B)  method, 
in  particular,  display  .rovel  electrical  properties  *  The  L-B 
technique  for  depositing  mono*  and  multilayer  coatings 
with  weM-controlled  thickness  and  morphology  offers  ex¬ 
cellent  compatibility  with  microelectronic  technology. 
Such  films  have  recently  been  reviewed  for  their  potential 
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applications.^  The  combination  of  L-B  supramolecular 
films  with  small  dimensionally  comparable  microelectronic 
substrates  affords  new  opportunities  for  generation  of 
fundamental  chemical  property  information  and  evaluation 
of  new  organic  thin  film  semiconductors  as  microelectronic 
components.  In  this  work  an  interdigital  microelectrode 
array  and  suHace  acoustic  wave  (SAW)  device  are  used  in 
combination  to  obtain  electrical  conductivity  and  piezoe¬ 
lectric  maaa  measurements  on  the  iodine  doping  of  met¬ 
al-substituted  and  metal-free  phthalocyanine-stearyl  al¬ 
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cohol  mixed  mono-  and  multilayer  L-B  "ilms.  The 
phthalocyanine-iodine  iloping  comhination  represent?  a 
model  system  for  studying  the  electrical  response  of 
thin-film  organic  .<«cmicondiicti>rs  to  vapors  since  this 
system  has  been  intensively  studied  by  using  bulk  poly- 
crystalline  and  single-crystal  samples.*  The  phthalo¬ 
cyanine-iodine  complex  formation  is  accompanied  by  a 
large  increase  in  electrical  conductivity.  The  issues  of 


l| 

III 

■11 


I 


interest  in  the  current  experimental  work  involving  ex- 
posuT'S  of  a  L-B  film  composed  of  a  peripherally  substi¬ 
tuted  phthalocyanine  compound  to  iodine  vapor  are  (1) 
magnitude  of  the  conductivity  change,  (2)  phthalocyanine 
ring/iodine  stoichiometry,  (3)  capability  of  making  both 
the  conductivity  and  mass  measurements  simultaneously 
on  the  same  film,  (4)  dependence  of  measured  responses 
on  the  complex&d  central  metal  ion,  (5)  dependence  of 
measured  responses  on  L-B  film  thickness  (number  of 
monolayers)  and  comparison  with  the  planar  interdigital 
electrode  thickness,  and  (6)  effect  of  morphological  vari¬ 
ation  by  comparison  of  the  L-B  film  with  a  fused  L-B  film 
and  a  ‘sprayed  on*  film. 

Previous  work  has  shown  that  the  tetrakis(cumylphen- 
oxy)-substituted  phthalocyanine  compounds  used  in  this 
work  (see  Figure  1)  exist  as  oligomeric  cofacially  oriented 
aggregates  in  solution  and  form  L-B  films  with  the  ag¬ 
gregate  size  and  force-area  curves  that  depended  on  the 
phthalocyanina-complexed  metal  ion.*  As  mixed  mono¬ 
layers  with  stearyl  alcohol,  multilayer  L-B  films  of  these 
compounds  have  been  transferred  to  interdigital  microe¬ 
lectrodes  and  investigated  as  a  chemiresistor  system  for 
parts  per  million  level  detection  of  trace  concentrations 
of  ammonia.*  The  morphology  of  these  films  has  been 
studied  by  using  resonance  Raman,*  copper  ESR  anisot¬ 
ropy,*  and  force-area  solvent  dependence*  characterization. 
At  other  laboratories,  L-B  films  of  phthalocyanine  com¬ 
pounds  with  different  peripheral  substituents  have  been 
reported  with  interest  directed  at  both  film  morphology* 
and  device  applications.-'* 


Experimental  Section 

Metal-hee,  copper,  zinc,  platinum,  palladium,  cobalt,  and  nickel 
tatrakis(cumylphenoxy)phthalocyanines  were  synthesized  and 
purified  as  described  previously.*  Stearyl  alcohol,  (1-octadecanol, 
99.5%,  LsChat)  and  chloroform  (reagent  grade,  Fisher)  were  used 
as  received.  Monolayer  spreading  solutions  with  a  1 : 1  molar  ratio 
of  phthalocyanine/stearyi  alooKoi  were  prepared  at  a  concentration 
4  X  10~*  M  in  chloroform. 

Film  pressure  vs.  area  isotherm  measurements  and  film  de- 
poaitions  on  electrodes  were  earn  rd  out  in  a  constant  temperature 
(25  *C)  room  using  a  computer-controlled  therrocststed  Langmuir 
trough  designed  and  constructed  in  our  laboratory.  The  14  cm 
wide  X  8Z5  cm  long  x  3  mm  deep  paraffin-coated  trough  with 
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a  I'.O  cm  diameter,  7.5  cat  deep  well  near  o:  e  end  was  interfacf  d 
to  on  Apple  II- E  microrivnputer  which  ri  a<;  surface  tension  from 
a  Could  UC-2  strain  gauge  carrying  a  1.7  cm  wide  platinum  fcil 
Wi’hclmy  plate.  Mntnas  for  controlling  the  bar  to  put  pressure 
on  tlic  film  uiid  fur  dipping  the  device  being  coated  were  cunLrullcd 
by  the  microcomputer.  Aampiified  illustration  of  this  apparatus 
using  a  trough  of  alighlly  ddferent  dimensions  is  described  in  ref 
5,  and  mors  detail  on  the  inaent  configuration  trough  is  reported 
in  ref  8.  Water,  triply  dhtiBed  with  the  last  two  distillations  from 
ail  all-quartz  stilLwaassadas  the  subphass.  Film-transfer  op¬ 
erations  began  with  thasabatrate  submerged.  The  device  being 
coated  waa  alloised  to  dqr  in  air  for  5  min  aftei  each  down-up 
cycle.  The  dipping  vslaeity  was  4.2  x  KT*  m/a. 

The  device  used  to  pttfoim  the  measurements  reported  in  this 
study  is  a  dual  S2-MHsNrfses  aoouMic  wave  device  (Microaensor 
Syatema,  Inc.).  T)us  desses  consists  of  a  piezoelectric  quartz  (ST 
cut)  a)ab  measuring  1.5  X  2.5  cm  on  which  four  interdigital  mi- 
croelectrodea  have  been  iahricated  by  using  optical  lithography 
(see  Figure  3).  The  electwdsi  smrs  fabricated  frmn  gold  deposited 
on  a  thin  layer  of  tiianam  to  provide  adhesion  to  the  quartz.  Each 
electrode  eonsista  of  50  Sotet  pain  with  the  following  dimensions: 
spacing,  IS  nm;  finger  width,  IS  iim;  overlap  length  48(X)  pm; 
center-to-centar  tpaemg  of  transmitter-receiver  electrode  pair. 
1  cm;  electrode  thirknam,  760  A  (measured  by  Nomanki  phase 
contrast  microscopy).  After  removing  the  residual  photoresist 
by  washing  with  acetosi^  the  device  was  dipped  in  a  chromic  acid 
cleaning  solution  for  2  aas asid  rinsed  with  distilled  water,  acetone, 
and  chloroform.  Immodutely  before  transfer  of  the  films,  the 
devices  were  cleaned  bp  Sozblet  extraction  edth  chloroform. 

After  it  waa  coated  with  e  multilayer  film,  the  device  was 
mounted  in  a  machined  Delrin  housing  in  which  provision  had 
been  made  for  metal  pMMwrt  clip  connection  to  the  electrodes 
as  well  as  for  paaaago  tf  lafulatad  quantities  of  iodine  vapor 
through  entrance  and  rsbauit  porta  directly  above  the  device  (see 
Figure  4).  The  SAW  ftnutncy  measurement  wet  performed  by 
connecting  a  pair  of  iatadigital  transducers  on  one  side  of  the 
device  to  a  wide-bond  rfioptificr.  The  resulting  circuit  oecillated 
at  a  resonant  frequency  determined  by  the  interdigital  electrode 
spacing  and  the  Rayleii^  wave  velocity.  The  resonant  frequency 
was  monitored  by  using  a  digital  frequency  counter  (Fluke  Model 
1910A).  See  ref  11  for  additional  SAW  frequency  measurement 
detail.  The  conductivity  SMSsurement  was  made  by  application 
of  a  1-V  bias  to  either  ei  the  two  remaining  electrodes  and 
measurement  of  the  caiiinl  using  a  precision  current  to  voltage 
converter  consisting  ofewoperstiond  amplifier  (Analog  Devices 
fSlS)  and  a  twitch  erdactable  feedback  resistor. 

The  mechanism  of  tba  SAW  frequency  measurement  and  its 
porportionality  to  momow  the  substrata  surface  )iava  been  dis¬ 
cussed  elsewhere."  Uafly  deacribed,  a  radio-frequency  (rf) 
voltage  it  applied  to  tba  ttanemittor  electrode  of  the  transmit¬ 
ter-receiver  intordigital  electrode  pair  to  generate  a  mechanical 
Rayleigh  surface  wave  an  tba  piezoelectric  quartz  substrate.  This 
wave  prepagatea  acrom  Iba  turfact  to  the  receiver  electrode  and 
ia  converted  back  iatoanifwoltaga.  Connection  of  this  electrode 
pair  through  a  if  ampliBwaiakiwtha  device  osciUata  at  a  retonant 
ftequency  determined  by  tba  interdigital  electrode  spacing  and 
the  Rayleigh  wave  vdoi^.  Coating  ths  device  with  a  thin  film 
causes  a  substantial  redaction  of  the  Rayleigh  wave  velocity  and 
a  corresponding  decriam  ia  tba  reMoant  frequency  of  the  device. 
Vapor  abaorption  furtbaraitots  the  maaa  and  mechanical  prop- 
ertiee  of  the  coating  thawby  producing  easily  measured  frequency 
shifts.  For  most  orgaaic  films,  the  modulus  is  small,  and  the 
mechanical  property  eaalrftwtion  to  the  frequency  shift  is  neg- 
b'gible,  leaving  the  frrqawcy  shift  proportional  to  the  mass  change. 
This  measurement  aasuaMa  the  conductivity  of  the  film  is  too  low 
to  electrically  short  thedectrodes  or  ocuple  with  the  electric  field 
of  the  propagating  Rayleigb  wave. 

T)ie  coitouctivity  BMaMrcment  lias  been  deacribed  more  ez- 
tansiveiy  ebewhcia.*  TbeimporUnl  features  are  an  ohmic  contact 
with  the  film  andba  elwlnale  spacing  and  a  geometry  to  fadlitaie 
measurement  of  vary  law  eawdcctaneet.  Tht  gold  eicctroda 
material  aatiafieotba  nbmir  laiiliit  laquiremawt  Currant-voltaga 
plots  for  the  phthaioejnniae  L-B  (Him  of  this  study  were  linear 
a  AI-V  range  anakgaos  to  that  reported  previously  for  a 
copper  (cumylphanwtyipbtboloryanint/iloaryl  alcohol  45-layer 
film.  The  aensitivity  of  Iba  conductivity  maaauraraent  is  an- 


Simultaneous  Conductivity  and  Mass  Measurements 


Langmuir,  Vol.  2.  No.  4,  I9SS 


515 


**  =  ”2<C<»*NI.Cu.  2n,  Pd,  Pt 

Figure  1.  Molecular  structure  of  tetrakis(cumyulphenoxy)- 
phthalocyanine  compounds.  The  cumyulphenoxy  substitution 
is  at  either  the  2-  or  S-position  of  each  bingo  ring  in  the 
phthalocyanine  compound. 

hanced  by  the  interdigital  electrode's  large  perimeter  and  small 
electrode  spacing.  To  normalize  the  measured  conductance  to 
a  bulk  conductivity,  the  conductance  is  divided  by  the  ra'io  of 
the  cross-sectional  area  (determined  by  the  number  of  electrode 
'fingers*,  the  overlap  length  and  either  the  electrode  thickr  ess 
or  the  I/-B  film  thickness  whichever  is  smaller)  to  the  electrode 
separation  distance. 

A  simple  iodine-generating  apparatus  was  constructed  from 
a  1-L  flask  (in  which  iodine  crystals  saturated  the  atmosphere), 
nitrogen  source,  Row  meter,  and  regulating  -leedle  valve  (see  Figure 
4).  The  nitrogen  flow  rate  was  set  at  20  mL/min.  The  rate  of 
iodine  delivery  under  these  conditions  was  0.3  mg/200  s  as 
measured  colorimetricaUy  (X„^  ■  516  nm,  log  <  ■  2.96)  by  trapping 
the  iodine  vapor  in  carbon  tetrachloride  for  several  200-s  intervals. 
An  iodine  exposure  experiment  consisted  of  initially  bypassing 
the  iodine  reservoir  flask  for  the  fust  ICX)  s  to  establish  conductivity 
and  Saw  frequency  measurement  base  lines.  This  was  followed 
by  diversion  of  the  nitrogtn  flow  through  the  iodine  reservoir  for 
2400  s  to  obtain  exposure  data  followed  by  a  second  bypassing 
of  the  iodine  reservoir  to  obtain  desorption  data.  Conductivity 
and  SAW  frequency  measurements  were  simultaneously  recorded 
at  either  50-  or  100-s  intervals  depending  on  the  rate  of  change. 
The  iodine  desorption  was  allowed  to  continue  overnight  The 
SAW  freque.icy  change  attributable  to  the  L-B  film  was  then 
measured  by  removing  the  top  of  the  device  housing,  recording 
the  frequency,  and,  then,  very  carefully  removing  the  L-B  film 
from  the  active  area  of  the  SAW  device  (area  including  and 
between  transmitter  and  receiver  electrode  pair)  with  a  chloroform 
wetted  cotton-tipped  swab  until  a  constant  value  was  obtained. 

The  differential  scanning  calor'metry  thermograms  were  ob¬ 
tained  using  a  Perkin-Elmer  7  Series  thermal  analysis  system. 
Samples  were  prepared  by  transferring  a  metal-free  phthalo- 
cyanine/stearyl  alcohol  film  (183  layers)  onto  six  covers  of  alu¬ 
minum  DSC  sample  pana  (6.5-mm  diameter)  which  corresponds 
to  a  total  transferred  mass  of  about  0.2  mg.  The  six  coated  covers 
were  stacked  in  a  sample  pan  and  run  against  an  uncoated  blank 
over  a  temperature  range  2^100  *C  in  a  nitrogen  atmosphere 
at  a  heating  rate  of  10  *C/min. 

A  ‘sprayed  on*  metal-free  phthalocyanine-etearyl  alcohol  film 
waa  applied  to  a  S2-MHz,  dual  SAW  device  using  a  Badger  air 
brush  (Model  200)  and  an  phthalocyanine-stearyl  alcohol  (1:1 
mol  ratio)  solution  in  chloroform.  The  device  was  positioned  about 
8  in.  from  the  air  brush  nozzle,  and  the  film  was  sprayed  on  using 
the  finest  spray  setting  with  1-s  passes  until  a  film  of  comparable 
appearance  to  the  45-layer  L-B  film  was  obtained. 

Resulta  and  Diacusaion 

Preparation  and  Tranafer  of  Phthalocyanine  L-B 
Films.  Synthesis  and  purification  of  the  phthalocyanine 
compounds  (see  Figure  1  for  structures)  and  their  mono- 
layer  formation  have  been  reported  elsewhere.*  As  pure 
one-component  monolayers,  films  of  these  compounds  do 
nov  transfer  with  good  uniformity  or  deposition  ratios. 


Figure  2.  Force-area  diagram  of  a  1:1  copper  tetrakiscumyl- 
phenoxy)chthalocyanine/stearyl  alcohol  mixed  monolayer. 


Figure  3.  Dual  52-MHz  SAW  device  used  for  simultaneous  mass 
and  conductivity  measurements  on  L-B  Films. 


Subsequent  work  has  shown  that  addition  of  stearyl  al¬ 
cohol  improves  the  transfer  characteristics  without  ad¬ 
versely  affecting  the  electrical  properties.*^ 

In  this  work  films  were  prepared  as  1/1  molar  mixtures 
of  phthalocyanine/stearyl  alcohol  and  transferred  a,;  film 
pressures  of  20  mN/m  to  quartz  (with  gold  interdigital 
electrodes  deposited  for  conductivity  and  SAW  measure¬ 
ments)  and  aluminum  substrates  (for  differential  scanning 
calorimetry  (DSC)  measurements)  with  good  deposition 
ratios  (e.g.,  between  0.8  and  1).  The  force-area  diagram 
of  a  copper  phthalocyanir  e-stearyl  alcohol  mixed  mono- 
layer  is  presented  in  Figure  2  as  a  typical  example.  The 
analysis  of  the  force-area  diagrams  has  been  presented 
elsewhere.*  In  contrast  to  a  facile  transfer  of  the  mixed 
phthalocyanine-stearyl  alcohol  films,  attempts  to  transfer 
pure  stearyl  alcohol  films  for  control  experiments  were 
frustrated  by  poor  deposition  ratios  (e.g.,  0.3).  Varying  the 
film-transfer  pressure  or  making  the  subphase  strongly 
alkaline  (pH  of  11)  did  not  improve  this  deposition  ratio. 
Consequently,  the  quality  of  the  transferred  pure  stearyl 
alcohol  films  is  not  equivalent  to  that  of  the  mixed  films. 
This  difference  in  behavior  is  not  understood  at  this  time. 

Dual  Conductivity  and  SAW  Frequency  Measure¬ 
ments.  Simultaneous  measurements  of  phthalocyanine 
L-B  film  conductivity  and  mass  changes  during  iodine 
doping  weds  made  using  a  dual  52-MHz  SAW  device.  This 
device  consists  of  two  pairs  of  interdigital  microelectrodes 
deposited  on  a  piezoelectric  quartz  surface  (see  Figure  3). 
One  pair  of  the  electrodes  is  used  for  the  SAW  frequency 
(L-B  film  mass)  measurement,  and  either  of  the  remaining 
two  is  used  for  the  conductivity  measurements.  Use  of  a 
SAW  device  to  measure  coating  mass  and  changes  in 


I  Fifcura  4.  Schematic  repreaentation  of  apparatui  uaed  for  the 
iodine-doping  experiment. 

coating  ma.a  has  been  discussed  in  detail  elsewhere'*  and 
is  briefly  sununarized  in  the  Experimental  Section.  Tlie 
important  feature  is  the  proportionality  between  the  SAW 
frequency  shi  t  and  coating  mass.  In  this  worV.  this  re¬ 
lationship  is  demonstrated  by  the  lineex  dependence  of  the 
SAW  frequency  shift  on  the  number  of  monoK  yers  in  the 
L-B  coating  filn  (see  Figure  7).  The  microelectrode 
conductivity  measurement  has  been  described  more  ex¬ 
tensively  elsewhere^  but  is  also  briefly  summarized  in  the 
Experimental  Section.  Ita  important  features  are  an  ohmic 
contact  with  the  film  and  an  electrode  spacing  and  geom¬ 
etry  to  fa  .il'tate  measurement  of  very  low  conductances 
I  at  low  V)  bias  voltuges. 

'  Combination  of  the  conductivity  and  SAW  frequency 
measurements  into  a  single  device  for  simultaneous  mea- 

Isurements  on  the  same  coating  is  a  new  sensing  technique. 
Further,  SAW  Srequenc/  measurements  on  L-B  films  have 
not  been  previously  reported.  TTie  phthalocyanine  L-B 
film-iodine  vapor  doping  system  is  a  particularly  good 

1  system  for  testing  the  measurement  technique  i  i  that  the 
chemistry  of  closely  related  phthalocyanine-iodine  bulk 
systems  is  boing  intensively  investigated,’  and  the  mag¬ 
nitude  of  signal  i.e.,  a  large  conductivity  change  due  to 
1  iodine  doping  (as  extrapolated  from  bulk  ohthalo- 
>  cyanine-iodine  systems’)  and  a  largo  SAW  frequency  shift 
due  to  the  high  molecular  «‘eight  of  iodine,  should  be  easily 
measured. 

I  The  io  ’’ne-doping  experiment  was  conducted  using  tue 
I  apparatus  rhematically  represented  in  Figure  4.  A  sat- 
'.uated  atmosphere  of  iodine  in  nitrogen  could  be  switched 
on  and  off  for  delivery  to  a  small  dead-volurne  chamber 
which  housed  the  L-B  film  coated  device  and  the  electrical 
contacta  Absorption  tnd  desorpLon  of  iodine  with  con- 
c.quent  conductivity  and  mas:  changes  of  the  film  were 
monitored  over  a  45(X)-s  period  by  measuring  current  and 
.  SAW  frequen<7  shifta  A  topical  example  of  these  data 
are  presented  in  Fipire  5  for  a  4S  layer  copper  phthalo¬ 
cyanine  film.  The  iodine  reservoir  was  bypassed  during 
,  the  initial  100  s  to  establish  a  base  line,  end  then  the  iedine 
I  flow  waa  switched  on  for  2400  s.  During  this  time  ail  of 
J  the  filma  tested  reached  a  saturated  or  maximum  con¬ 
ductivity  level  (5ver  the  2500-  '500-s  interval  the  iodine 

(reservoir  was  again  bypar.sed,  and  the  iodine  desorption 
was  monitored. 

It  is  readily  ap.-jarent  that  the  iodine  vapor  absorption 
continues  after  the  conductivity  has  reached  its  saturation 
I  maximum.  The  charge-tranaferjntercction  of  iodine  in- 

f. _ _ _ 
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Figure  S.  Msssuteaent  of  mrrent  and  SAW  frequency  clianges 
as  a  function  of  Usm  caused  by  iodine  doping  of  a  45-multiIayer 
cooper  phthalocyaiune-stesryl  alcohol  L-B  film  tupported  on  a 
dual  52-MHi  SAW  device. 

volves  transfer  of  an  electron  from  the  phthalocyanine  ring 
and  formation  of  the  triiodide  anion  (eq  1).  The  ab- 

2Pc  +  3Ij  2Pc*Ir  (1) 

sorption  is  complicated  in  tnat  the  charge-transfer  reaction 
IS  not  quantitative,’  and  additional  iodine  may  be  absorbed 
as  molacular  iodine  or  in  formation  of  the  pentaiodide 
anion  (eq  2). 

I,  +  Ij'  =t  I.-  (2) 

The  experimental  measurements  of  interest  from  the 
data  are  Afp,  theSAW  frequency  shift  attributable  to  the 
^B  film,  'o,  the  Litiai  current  passing  through  the  film 
in  a  nitrogen  atmosphere,  the  maximum  current 
passing  through  the  film  after  iodine  doping,  and  A/j,  the 
frequency  shift  caused  by  absorbed  iodine  where  the 
current  value  approaches  that  of 
Since  the  current  and  frequency  measurements  are  being 
joade  simultaneously  on  the  same  film,  the  current  change 
r .  .v  be  related  directly  to  the  iodine  content.  The  bulk 
conductivity  of  the  film,  »,  may  be  calculated  from  the 
microt'lectrode's  geometry  and  dimensions  and  the  bias 
voltage; 

J  l/A  ^  I  d 

*  E  “  V/d  “  V  (2n  -  1)(A 

where  J  is  the  current  density,  E  is  the  electric  field,  /  is 
the  measured  current,  V  is  the  bias  voltage,  A  is  the 
cross-sectional  area  between  rle:tr(xles,  and  d  is  the 
electrode  spacing.  If  the  L-B  film  is  thick  enough  to  fill 
the  channel  between  the  electrode  "fingers*,  then  A  may 
be  calculated  aa  the  product  of  the  number  of  channe'i 
between  the  electrode  "fingers",  2n  -  1  (n  is  the  number 
of  electrode  "finger  pairs'),  the  overlap  length  of  the 
electrode  "fingers',  1,  and  the  electrode  thickness  or  height, 
h.  It  is  also  possible  to  calculate  a  ratio  of  moles  of  ab¬ 
sorbed  iodine  to  moles  of  phthalocyanine  ring,  X  in 
‘MPcCP)l„  by  using  the  proportionality  between  SAW 
frequency  shift  nd  film  moss  and  the  relative  concen¬ 
tration  of  the  phthalocyanine  and  stearyl  alcohol  film 
components: 

’  Wp.(A/o/Afp.) 

where  A/|  is  the  SAW  frequency  shift  attributable  to  ab¬ 
sorbed  iodine,  A/pis  the  ^W  frequency  shift  attributable 
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T.Mc  I.  (MPcCP)I.A;„OII  UH  FiI™  Cooducti*ily  tnU 
Pe/I  Stoichiometry 


Pc  compd 

X 

#,  S/cm 

1.  A 

Af-  kHi 

A/i.  kHz 

H,i'ccr 

2  X  KT* 

6  X  lO*'* 

-69  it  3 

(H,PcCP)I. 

2.2 

6  X  ICT* 

2  X  ICT* 

-11.8  ±  0.2 

CuPcCP 

6  X  l(r'* 

2  X  l(r'* 

-69  ±  1 

(CuPcCP)l. 

2.2 

6  X  l(r* 

2x  i(r* 

-11.3*0.7 

ZnPcCP 

2  X  10-'» 

8  X  i(r" 

-79 

(ZnPcCP)l, 

2.0 

3  X  10r< 

1  X  10-* 

-12.1 

PtPcCP 

2  X  10*" 

6  X  i(r'* 

-75  ±2 

(PtPcCP)l. 

2.5 

3  X  10^ 

1 X  icr* 

-13.1  *  0.3 

PdPcCP 

3  X  itr" 

1  X  lO*'* 

-50 

(PdPcCP)I, 

3.9 

1  X  10-* 

5  X  10*’ 

-14.4 

CoPcCP 

8  X  i(r“ 

3  X  icr'* 

-77 

(CoPcCP)I. 

2.6 

1  X  10-* 

4  X  10*’ 

-15.1 

NiPcCP 

8  X  iir" 

3  X  i(r" 

-68±3 

(NiPcCP)l. 

2.8 

3  X  icr’ 

1  X  10*’ 

-14.4  *  0.3 

HjPcCP 

8  X  KT'* 

3  X  10*'* 

-45 

(tprsyed) 

(H,PcCP)I. 

>9.4 

8x  IIP* 

3x  10^ 

>-33 

Fiicur*  6.  Dependence  of  conductivity  on  quintity  of  absorbed 
iodine  for  a  4^tayer  L-B  fum  of  mixed  copper  phthalocyanine- 
atearyl  alcohol  (1:1  mole  ratio). 

to  the  L-B  film,  Wp^  ia  the  weight  fraction  of  the 
phthalocyanine  component,  Afj  ia  the  atomic  weight  of 
iodine,  and  A/p,  is  the  molecular  weight  of  the  phthalo¬ 
cyanine  component  in  the  film.  Aa  presented  in  Figure 
6  for  the  45-layer  copper  phthalocyanine  example,  the 
experimental  quantities  of  current  and  SAW  frequency 
shift  or  the  calculated  quantities  of  conductivity  and  sto- 
chiometric  iodine  content  may  be  plotted  as  is  traditionally 
found  for  phthalocyanine-doping  experiments.  Typically, 
the  conductivity  increases  by  4  orders  in  magnitude  from 
10*'®  to  10**  S/cm  as  a  stoichiometric  ratio  of  2:1  iod- 
ine/phthalocyanine  is  approached.  While  this  conductivity 
change  is  significant,  it  is  not  nearly  as  large  as  the  10 
orders  of  magnitude  reported  for  pressed- pellet  samples 
of  pure  unsubstituted  phthalocyanine  compounds  with 
comparable  iodine  doping.  Considering  the  relatively  large 
size  of  the  cumylphenoxy  substituent  groups,  the  mixed- 
isomer  nature  of  the  tetrakisfcumylphenoxylphthalo- 
cyanine  compounds,  and  the  inclusion  of  stearyl  alcohol 
in  the  L-B  film,  such  a  comparison  is  not  very  meaningful 
although  methyl  substitution  at  the  phthalocyanine  ring 
periphery  is  reported  to  reduce  the  pressed-pellet  con¬ 
ductivity  by  2-3  orders  of  magnitude  f^or  comparable  iod¬ 
ine-doped  samples.® 

Complexed  Metal  Ion  Dependence.  The  effect  of  the 
metal  ion  is  of  particular  interest.  Previous  work  has 
shown  that  the  metal  ion  has  a  distinctive  influence  on  the 
degree  of  phthalocyanine  aggregation  in  solution  as  well 
as  the  force  area  curves  when  monolayers  are  formed.^  For 
sensing  applications,  weakly  interacting  vapors  (e.g.,  am¬ 
monia,  sulfur  dioxide,  water,  etc.)  exhibit  a  variety  of  re¬ 
sponses  depending  on  the  metal  ion.'® 

The  results  of  iodine-doping  experiments  using  45-layer 
L-B  films  of  metal-free,  copper,  zinc,  platinum,  palladium, 
cobalt,  and  nickel  phthalocyanine-stearyl  alcohol  are 
tabulated  in  Table  I.  All  of  the  films  display  approxi¬ 
mately  a  4  order  of  magnitude  conductivity  increase  after 
iodine  doping  with  very  little  dependence  on  metal  ion 
substitution  although  they  have  been  listed  in  the  order 
of  decreasing  iodine-doped  conductivity.  Regarding  the 
contrast  between  metal-free  and  nickel  phthalocyanine 
films,  a  similar  difference  hasiieen  noted  for  the  case  of 


(12)  B«rt*r.  W-:  Wohltjeo.  H.;  Snow,  A.  W.  'CiMmimutor  Trane- 
ducert  Coaud  with  Pbthalocyanina  OtrivaUvaa  by  Uw  Lanfmuir-Blod- 
satt  Tacliniqua*;  Tnntduem  'SS;  IEEE:  New  york;  1985;  IEEE  No. 
86CH2127-9.  pp  4U-4I7. 
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Figure  7.  Dependence  of  SAW  frequency  shift  of  the  undoped 
L-B  film  (A/o),  SAW  frequency  shift  cau^  by  absorbed  iodine 
where  conductivity  approves  a  maximum  (A/|),  current  passing 
through  the  undoped  film  in  a  nitrogen  atmosphere  (/o).  and 
maxim  ctirrent  passing  through  the  film  after  iodine  doping  (/«) 
on  number  of  layers  in  the  L-B  multilayer  film  of  metal-free 
phthalocyanine-stearyl  alcohol  (1:1  mol  ratio). 

single-crystal  measurements  on  the  parent  compounds.'® 
For  iodine  vapor,  the  charge-transfer  interaction  is  strong, 
involving  the  phthalocyanine  ring  with  the  metal  ion 
having  only  a  weak  effect. 

Film  Thickness  Dependence.  The  relationship  be¬ 
tween  L-B  film  thickness  and  microelectrode  thickness  is 
an  important  issue  when  either  chemical  properties  of  the 
film  are  being  measured  or  the  film  is  being  evaluated  as 
a  microelectnc  component.  To  investigate  this  relationship 
for  an  iodine-doping  experiment  as  well  as  to  examine  the 

(13>  Msrka,  T.  J.  Seitru€  {Wathingiom,  D.C.)  ISSS,  227.  881.. 
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fensitivity  of  the  conductivity  und  AW  frcr)uency  mon- 
surements  for  very  thin  film'  ubstiiites  were  coated  w  ith 
films  ranging  from  1  to  65  layera,  and  values  for  Sfn,  A/i, 
lo.  and  were  measured.  These  doLo  arc  plotted  os  n 
function  of  number  of  layers  in  Figure  7.  The  dependence 
of  A/o  number  of  transferred  layers  is  linear 

as  would  be  expected  from  the  linear  dependence  of  SAW 
frequency  shift  on  coating  mass.  The  values  of  bot^i  /o  and 

I _ level  off  with  increasing  film  thickness  at  about  20 

layers.  If  this  thickness  is  considered  to  be  the  stage  where 
the  gap  between  the  planar  electrodea  ia  filled,  a  value  of 
35-40  A  per  layer  may  be  calculated  from  the  760-A 
thickness  of  the  electrodes.  This  value  is  reasonable  al> 
though  somewhat  high  when  compared  with  the  stearyl 
alcohol  chain  length  of  about  25  A.  Theoretical  calcula* 
tions  based  on  SAW  frequency  shifts  also  predict  a  film 
thickness  of  about  40  A.“  These  experiments  also  indicate 
that  the  conductivity  measurement  is  more  sensitive  than 
the  SAW  frequency  measurement.  For  one-  or  three-layer 
films,  the  conductivity  changes  by  2.5-3  orders  in  mag¬ 
nitude  while  the  SAW  frequency  change  is  on  the  order 
of  100-200  Hz.  Control  experiments  with  an  uncoated 
device  or  a  stearyl  alcohol  coated  device  after  iodine  ex¬ 
posure  display  conductivity  changes  of  approximately  1 
order  in  magnitude  (e.g.,  from  log  I„  =»  -12.4  to  log  = 
-11.2)  and  frequency  shifts  of  about  100-200  Hz.  These 
control  experiments  were  repeated  several  times,  and  the 
largest  responses  to  iodine  vapor  are  reported  here.  Ex¬ 
perimental  difficulties  with  the  control  experiments  are 
poor  transfer  characteristics  with  the  pure  stearyl  alcohol 
monolayers  as  mentioned  earlier,  extremely  low  levels  of 
conductivity  to  be  measured,  the  SAW  device's  sensitivity 
to  pressure  on  the  mounting  clips  and  temperature  vari¬ 
ation,  and  trace  iodine  contamination  in  the  apparatus 
between  runs.  Closer  electrode  spacing  and  higher  fre¬ 
quency  devices  may  enhance  sensitivity  in  future  work. 

Morphology  Variations.  In  addition  to  being  a  good 
technique  for  reproducibly  coating  thin  films  onto  elec¬ 
tronic  devices,  the  L-B  procedure  may  confer  a  unique 
morphology  (multilayered  structure  with  vertical  regularity 
and  spedfic  m-plane  orientation  and  packing  of  constituent 
molecules)  to  the  coatings  by  nature  of  hydrophobic  and 
hydrophilic  interactions  between  the  moleoiles  within  the 
film  and  the  surface  of  the  water  or  the  substrate  during 
application  of  the  film.  Resonance  Raman  and  ESR 
studies  hav3  produced  evidence  of  phthalocyonine  an¬ 
isotropy  in  these  fllms.^^  To  determine  whether  the  con¬ 
ductivity  and  iodine  vapor  absorption  are  strongly  influ¬ 
enced  by  the.  L-B  film  multilayer  morphology,  films  of 
similar  thickness  but  different  morphologies  were  depos¬ 
ited  on  the  dual  52-MHz  SAW  substrate. 

In  one  case,  a  film  was  deposited  by  a  spraying  technique 
which  involved  air  brushing  a  fine  mist  of  the  phthalo- 
cyanine-stearyl  alcohol-chloroform  solution  until  the  film 
color  inteiuity  appearance  was  comparable  to  that  of  the 
45-Iayer  L-B  film.  The  A/q  value  for  the  "sprayed  on’  film 
was  -45  KHz  which  is  slightly  less  than  the  -69  KHz  of 
the  45-layer  LB  film.  The  iodine  exposure  data  for  the 
’sprayed  on*  film  and  L-B  film  are  presented  in  Figure 
8.  The  conductivity  response  of  these  two  films  is  not 
significantly  different,  but  the  SAW  frequency  data  are 
markedly  different  The  ’sprayed  on’  film  absorbs  4  times 
as  much  iodine  over  a  1900-s  exposure  time,  and  it  would 
be  even  larger  for  a  longer  exi.oaure  time.  An  explanation 
for  the  highef  capacity  of  the  ’sprayed  on*  film  to  absorb 
ic^ine  would  be  that  it  has  a  much  looter  packing  and 
higher  poraeity  hence  a  larger  surface  area  and  vmd  volume 
to  accommodate  more  iodine  absorption  than  the  L-B  film. 


feee» 


cyanine-stcaryi  alcohol  (1:1  aol  ratio)  in  an  iodine-doping  ex¬ 
periment 

This  could  facilitate  absorption  of  iodine  in  excess  of  that 
engaged  in  the  charge-transfer  interaction  with  phthalo- 
cyanine  (eq  1),  possibly  as  molecular  iodine  or  as  in  the 
formation  of  the  pentaiodide  ion  (eq  2). 

In  the  second  case,  a  fused  L-B  film  was  prepared  by 
heat  treating  a  45-layer  L-B  film  for  10  min  at  100  *C 
which  causes  melting  of  the  stearyl  alcohol  component 
The  iodine  exposure  data  for  the  fused  film  compared  with 
the  normal  L-B  film  are  presented  in  Figure  8.  In  this 
case,  both  the  conductivity  response  to  a  small  extent  and, 
more  significantly,  Uie  SAW  frequency  shift  are  less  than 
for  the  ’as-prepared*  L-B  film.  A  probable  explanation 
is  that  the  coating  morphology  is  changed.  Fusion  of  the 
coating  followed  by  ambient  cooling  may  result  in  loss  of 
vertical  regularity  of  the  layered  structure  and  consequent 
phase  separation  to  a  stearyl  alcohol  overcoating  on  a 
phthalocyanine  precipitate.  In  a  small  test  tube  experi¬ 
ment,  fusion  and  cooling  of  the  two  components  results 
in  visually  observable  precipitation  of  the  phthalocyanine 
to  the  bottom  of  the  tube  from  an  initially  uniform  melt 
A  stearyl  alcohol  overcoating  would  have  little  affinity  to 
absorb  iodine  as  indicated  by  the  stear^  alcohol  coating 
control  experiment  and  could  retard  iodine  diffusion  to 
the  active  phthalocyanine  phase. 

A  special  differential  scanning  calorimetry  (DSC)  ex¬ 
periment  was  performed  to  obtain  information  about  the 
fusion-induced  L-B  film  morphology  change.  A  sample 
was  prepared  by  L-B  transfer  of  183  layers  onto  six  alu¬ 
minum  disk  substrates  which  were  stacked  into  a  single 
DSC  sample  pan  and  had  a  calculated  total  transferred 
film  mass  of  0.2  mg.  The  DSC  thermograms  for  the  freshly 
prepared  phtholocyanine-stearyl  alcohol  film,  one  recycle, 
and  a  pure  steAyl  alcohol  control  film  are  presented  in 
Figure  9.  The  phthalocyanine  mixed  L-B  film  displayed 
several  overlapping  transitions  on  the  first  scan  arith  two 
broad  peaks  at  57.9  and  56.3  ‘C.  The  recycle  scan  dis¬ 
played  a  narrower  more  inUnsa  peak  at  57.7  ‘C.  The 
stearyl  alcohol  control  fifaa  displayed  a  thermogram  similar 
in  shape  to  that  of  the  recycle  but  with  a  transition  peak 
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Figure  9.  DSC  thermograms  of  (a)  a  freshly  prepared  metal-free 
phthalocy'anine-atearyl  alcohol  (1:1  mol  ratio)  183-layer  L-B  film, 
(b)  a  fiis^  (recycled  scan)  L-B  film,  and  (c)  a  pure  stearyl  alcohol 
L-B  film. 

at  58.5  ®C.  These  thermograms  indicated  that  the  mor¬ 
phology  of  the  L-B  film  is  more  complicated  than  a  simple 
fused  mixture  and  is  irreversibly  altered  by  the  100  **€ 
thermal  treatment 


Summary 

L-B  films  of  tetrakis(cumylphenoxy)phthalocyanine- 
atcnryl  nicohni  mixed  monolayers  strongly  interact  with 
iodine  vapor,  and  it  is  possible  to  simultaneously  measure 
the  conductivity  and  gravimetric  changes  in  the  film  by 
a  novel  planar  microelectrode  surface  acoustic  wave  mea¬ 
surement  technique.  The  conductivity  increased  by  4 
orders  of  magnitude  and  a  complex  formation  stoichiom¬ 
etry  of  two  to  four  iodine  atoms  per  phthalocyanine  ring 
was  measured.  The  identity  of  the  complexed  central 
metal  ion  has  very  little  effect  on  either  the  magnitude  of 
the  conductivity  increase  or  the  complex  stoichiometry. 
The  conductivity  measurement  is  dependent  on  the 
multilayer  film  thickness  unless  the  film  is  thicker  than 
the  planar  microelectrode.  The  quantity  of  iodine  a 
phthalocyanine  film  may  absorb  is  dependent  on  the  film 
morphology  while  the  magnitude  of  the  conductivity  in¬ 
crease  is  nearly  independent  of  the  morphology. 

Acknowledgment.  We  thank  Phillip  Berg  and  Russell 
Jeffries  for  making  the  electrode  thickness  measurement 
by  interferometry  and  Wanda  Carter  for  obtaining  the 
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Twabra  esatsca  acottlc  wava  davlea  ooattnga  wara  avpoaad 
to  11  chamleal  vapors  and  raaponaaa  wara  carralatad  wRh 
aotubMy  prapartlaa  and  coating  atruetura  to  datarmina  pos- 
albia  vapor/caaUng  Interaction  machanisms.  Hydrogen 
bondbig  aMRy  la  bnplcatad  as  a  slgnMIcanl  vapor/coalbig 
bdsracllon  mscttanlam.  Pattern  racognMon  schamas  applad 
to  tha  protttnbiary  date  aldod  In  aoluMRy  proporty/raaponaa 
eonratettona.  Principal  cowponanl  analysis  damonsiratod 
good  ssparatton  o»  dttaranl  ctaaaoa  of  cnomicai  vapors 
lasted.  WararcNcU  duataring  provldad  addWtonal  avidawca 

of  tha  corralMtons  botaraan  sotabMy  propartloa  and  tha  ob- 

aarvad  ctostarlng.  In  addttlon,  pattam  racognlUon  malhoda 
waraaaad  to  datorndwa  potenttal  aalaettvtty  of  an  array  da- 
tactor  ualng  thaaa  coattnga.  Uambig  lachniqiiaa  show  that 
OMJOurtti  of  lha  sansor  can  adooHafofy  saparato  campoiaidi 
of  IMaraal  from  rhatnlraRy  tenlar  talarfafaneaa. 


StBiiKa  aeotMie  wava  (SAW)  davkaa  ohibit  past  potentid 
as  amall.  vary  wnaitiva  chemical  aenooca.  Tha  prindplaa  of 

ooo3-gToe/ieAO»a-305a«oije/o 


operation  have  been  described  in  detail  (7),  but  they  are 
essentially  maaa^ensitiva  detectors.  They  consist  of  a  set  of 
inteidigital  transducers  that  have  been  microfabricated  onto 
tba  surface  of  a  piezoelectric  crystals.  When  placed  in  an 
osrillator  circuit,  an  acoustic  Rayliegh  wava  is  generated  on 
the  surface  of  the  crystaL  Tha  characteristic  resonant  fre- 
quengr  of  tha  device  is  dependent  on  transducer  geometry  and 
the  Raleigh  srava  velocity.  Small  mass  changes  or  elastic 
modulus  changes  on  tha  surfime  poturb  the  wave  velod^  and 
are  raaddy  observed  aa  shifts  in  this  resonant  fnquency.  The 
extrema  sensitivity  of  these  devices  makes  them  attractive  as 
potential  gaa  sensors.  The  112-MHz  dual  SAW  devices  rou¬ 
tinely  used  in  our  laboratory,  for  example,  luve  a  theoretical 
sensitivity  of  >17  Hz/(ng/cm*).  Considering  that  the  active 
area  of  the^evics  covers  0.17  cm*  and  assuming  a  signal  to 
noise  ratio  of  3,  this  sensitivity  results  in  a  minimum  de¬ 
tectability  of  about  0i2  ng  (i). 

The  ultimate  performance  of  a  SAW  device  as  a  chemical 
sensor  is  critically  dependent  on  the  sensitivity  and  selectivity 
of  the  adaorbent  coating  applied  to  the  surface  of  the  pie- 
soeisctric  crystaL  However,  no  systematic  investigatimi  of 

O  IMS  amolcwi  OWMCW  SocMy 


ANALYTIC-M.  OCMISTOY.  VOL.  5«.  NO.  W.  OeCEWBER  1988  •  3058 


adsorbent  Cv>atines  on  SAW  devicea  Sus  yet  been  reported, 
and  reference*  to  reaponaea  of  speofic  SAW  coatings  to  ipeciTic 
vapor  are  few  in  number  (2-S).  The  moat  doeely  related  sensor 
te^nology  ia  the  bulk  pierxrelectric  crystal  aenaor,  which  has 
been  reviewed  (fi).  Costing*  exhibiting  selectivity  to  tpeciftc 
vapor*  have  been  identified  in  some  casea,  but  many  coatings 
have  been  of  ill-defined  composition  and,  until  recently,  se¬ 
lection  has  been  largely  empirical  {6-1 1).  It  ia  therefore  es¬ 
sential  to  identify  coatings  for  SAW  device*  which  respond 
to  vapoia  of  interest  and  to  develop  a  rationale  for  the  aelection 
or  design  of  such  coatings. 

The  development  of  adsorbent  coatings  alone  may  not  be 
sufficient  for  soma  applicatfona  of  theae  devicea.  It  ia  unlikely 
that  any  given  material  possesses  suffident  selectivity  to 
permit  accurate  detection  and  identification  of  a  single 
chemical  vapor  of  interest  in  the  presence  of  multiple,  un¬ 
known  interferences.  A  promising  approach  to  this  type  of 
analytical  problem  is  the  use  of  pattern  recognition  techniques 
in  conjunction  with  an  array  of  sensors  of  varying  selectivity. 
This  approach  has  been  applied  to  vapor  response  data  from 
electrochemical  sensors  {12)  and  to  the  selection  of  coatings 
for  piezoelectric  crystal  sensors  (7). 

Pattern  recognition  techniques,  as  applied  to  sensor  date, 
can  be  described  as  follosm.  The  sensors  encode  chemical 
information  about  the  vapor  in  numerical  form.  Each  sensor 
defines  an  axis  in  a  multidimensional  spaca.  Vapors  can  be 
represented  as  points  pKMitioned  in  this  space  according  to 
sensor  responses.  Vapors  that  produce  similar  responses  from 
the  set  of  coatings  will  tend  to  cluster  near  one  another  in 
space.  Pattern  recognition  uses  multiveriate  statistics  and 
numerical  analysis  to  investigate  such  dustering  and  to  elu¬ 
cidate  relationships  in  multidimensional  data  sets  without 
human  bias.  In  addition,  the  method  can  reduce  invarference 
effects  and  improve  selectivity  in  analytical  measurements. 

In  this  study,  we  have  generated  e  large  data  base  consisting 
of  the  responses  of  12  SAW  coatings  to  11  vapors  at  various 
concentratioru,  and  we  have  analyzed  these  data  by  using 
pattern  recognition  techniques.  Our  objectives  were  2-fold. 
First,  we  wished  to  gather  suffident  data  to  investigate  and 
possibly  identify  the  types  of  vapor/coating  interactions  re- 
spotuibla  for  the  observed  SAW  devices  responses.  Pattern 
recognition  techniques  assisted  in  this  effort  by  dustering 
vapors  with  similar  responaa  patterns  and  by  identifying 
similarities  batween  coatings  based  on  responses  to  vapors. 
Secondly,  we  wished  to  determine  the  ability  of  pattern  rec¬ 
ognition  techniques  in  conjunction  with  SAW  sensors  to 
discriminate  between  vapors  of  interest  and  chemically  similar 
interferences.  Such  discrimination  is  necessary  for  an  array 
detector  to  be  practical  and  effective. 

EXPERIMENTAL  SECTION 

Materials.  Solvents  for  vapor  stream  generation  were  com¬ 
mercial  maietials  of 99.99%  purity,  cscept  diethyl  sulfide  (98%, 
Aldrich)  and  dimethyl  methyiphoapbonate  (97%,  Aldrich).  These 
materials  are  listed  in  Table  L 

The  following  coating  materials  were  obtained  from  Aldrich: 
abietic  add,  octsdacyi  vinyl  ether/raaleie  anhydride  copolymer, 
polyfepichlorohydrini.eu-polyfiaoprene),  and  acrylonitrile/bu¬ 
tadiene  copolymer  (0.45/0.55).  PolyivinylpyTTolidone)  and  OV2IO 
were  purcha^  from  AJItcch.  The  two  polyphoephaxines  are 
proprietary  reaterials  end  were  obtained  courtcey  of  Ethyl  (^rp. 
Polyithyium  meJeate)  was  prepared  as  dascrib^  by  Snow  and 
Wohltjen  (2).  Poly(amidoxime)  was  prepared  by  reaction  of  the 
acryionitrile/butadicne  copolymer  (Aldrich)  with  hydrosyiamine. 
Subeequent  IR  enalysts  indicated  a  nitrile  to  emidoiinM  ratio  of 
(L38/0.07  U3).  Fhiorapolyol  wee  prepared  uaing  methoda  de¬ 
scribed  by  OTlaar  et  aL  (74).  Theae  materiala  and  their  structures 
are  pven  in  Table  II. 

Aulytieel  System,  The  112-MHs  dual  SAW  delay  linaa  used 
is  thia  study  were  fsbricated  photolithographicslly  on  polished 
S-T  Queru  tubstratca  (1  cm  x  |  cm  x  O.OS  cm  thick).  The 


Table  I.  Teal  Vapor*  and  Solubility  Parameter* 

V*  P  a 
PtrniMtion  Tubaa.  Clau  1 
methantaulfonyl  Ouoride  (MSF) 


NJY-dimethylacetanuds  (DMAO 
dimethyl  meUiylphoephonste  (DMbu*)* 

0.88 

0.76 

(0.81) 

0.0 

(0) 

Bubbler*.  Clem  2 

1.2-dichloeoetten*  (DCE) 

0.81 

0.00 

0.0 

water 

1.09 

0.18 

1.17 

ieooctea*  (ISO)* 

(0.0) 

(0.0) 

(0.0) 

tolueos  (TOL) 

0.54 

an 

0.0 

diethyl  sulfide  (DES)* 

0.36 

0.28 

0.0 

tributyl  phoephste  (TBP)* 

0.65 

0.77 

0.0 

2-hutenoDe  (BTN) 

0.67 

0.48 

0.0 

l-butanol  (BTl) 

0.47 

0J8 

0.79 

•These  vrium  me  tmpublished  date  from  Abr«)>em  (25).  Velum 
in  table  for  DMMP  m  taken  from  a  similar  compound,  DEP; 
velum  for  iiooctm*  ai*  taken  from  2,4-diincthytpcnUne. 


Figure  1.  112-Mte  SAW  Oevtoe  and  aeeedated  elecb'onle  dreuR 
degram. 


eiectrodm  woe  amde  of  gold  (100  A  thidt)  deposited  onto  titanium 
(about  200  A  thick)  to  provide  adhesioa.  Each  electrode  errty 
consistad  of  SO'Seger'  pair*  with  each  electrode  7  pm  wide  end 
spaced  7  pm  fnm  the  nest  finger.  The  electrode  arrays  had  an 
aperture  of  0L2M  cm.  The  deviem  were  riemped  into  s  Teflon 
holder  using  tmel  pressuie  dips  .md  screws.  A  lid  attached  to 
this  holder  wm  filtad  with  inlet  and  outlet  tubm  to  provide  a  vapor 
flow  path.  The  tee  delay  linmumd  in  this  system  were  connected 
as  shown  in  Figm*  L 

Dilute  sobliHa  ef  the  eoeting  materials  were  prepared  in 
volatile  solve  usually  chloroform,  Utxehydiofuran.  or  a 
metlienol/chlamtem  misture.  To  make  chcmicel  sensors,  one 
delay  line  wee  omiid  with  the  material  under  inveetigetion  using 
an  airbrusiL  Cmfing  depocition  produced  frequency  shifts  of 
75-200  kHs,  ukech  wera  recorded  and  used  as  a  measure  of  film 
thicknma  for  emmelinlinn  mtd  eompatiaon  of  data  (i). 

The  nnctieied  daley  line  acted  aa  a  reference  oscilletor  to 
provide  mmpesesticiw  for  ambient  temperature  end  pressure 
fluctuations.  Each  delay  line  wmoonnected  tea  TRW  2820  wide 
band  tf  amptifiar  to  provide  the  empliflcation  required  for  os- 
cillstioo  to  occur.  The  frequcncim  obtained  from  each  oscillator 
were  misad  in  a  deubla  balmoe  mixer  (Mini  Circuits  Labe  SRA-1) 
to  provide  the  I—  frequency  differenom  signal  which  was  mea- 
tured.  FraquHcy  amaouremente  were  made  with  e  Syetron- 
Donner  frequency  ceuntar.  Model  6042A  The  frequency  counter 
was  interfa^  teen  Apple  I!e  microcomputer  via  an  IEEE  488 
bus  and  intertee  canL 

Vapor  Ccnmmlen  System.  Vapor  streams  wore  generated 
with  w  eiHii mated  gee  handler  eyetam  interface  with  aa  Apple 
lie  micraeomputer.  Plumhinc  eonnactiofte  were  made  by  using 


3060  •  ANALYTICAL  OCMISTI^Y.  VOL.  58.  NO.  14.  OCCEMStR  1086 


Tflbl*  11.  Cohting  MateriaU  And  Sirueturea 
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Hvonoxn  MM-oi-tH 


raiYeoPWNom 


roLTmosfHAiMts 
rrZNI.  PPZN2I 


Vrin.  itiinlwi  rtarf  or  nickel  tubim.  Th«.carrterguwMceiB- 
piaMdairthatwMdriad bypMMtathrau^Orierite.  Flowimte* 
wer*  controlled  with  meee  flow  eontroUere  (Tylan). 

Individual  vapor  ■tname  were  genented  from  one  of  up  to  eieht 
bubbiera,  or  one  of  up  to  four  permoation  tubea.  Air  flow  to 


bubbleta  waa  maintained  at  39  mL/min,  while  flow  rates  to 
permeation  tubes  varied  from  39  to  200  mL/min.  depending  on 
the  desired  concentration.  Additional  air  for  dilution  could  be 
added  dowmtreara.  up  toa  total  volumetric  flow  of  1200  inL/rain. 
Baaed  on  the  eccuracy  of  the  maaa  flow  controUers.  the  uneer- 
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Uintio  m  the  tolai  volumeuic  How  rate*  were  I.7?r.  A  constant 
■yatem  output  of  39  mL/min  to  the  senior  was  maintained  by 
a  piezoelectric  precision  gas  leak  valve.  This  system  will  be 
described  in  more  detail  elsewhere  (75). 

The  bubblers  consisted  of  stainless  t'  el  vessels  containing 
approximately  100  mL  of  solvent,  with  inler  and  outlet  tubes  of 
Vri”-  •tainleu  ■tccl  tubing.  Vapor  mau  flow  rates  were  de- 
tennined  by  adsorbing  th*  vapor  output  onto  dean,  dried  charcoal 
trap*.  Th*  traps  were  weighed  after  15-20  min  collection  periods, 
and  mast  floars  were  determined.  Two  trap*  in  serie*  svere  pe¬ 
riodically  used  to  check  for  breakthrough.  Multiple  successive 
detenninatioos  resulted  in  calnilated  maa*  flow  (in  mg/min)  with 
errors  of  leas  than  6%. 

A  calibrated  permeation  tuba  containing  mcthaneaulfonyl 
fluorid*  seas  purchased  from  G.C.  Industrie*  (Chataworth,  CA). 
Permeation  tubes  containing  1-3  mL  of  dimethyl  methyl- 
phoaphonata  or  Af,A7-dimethylacetamid*  were  prepared  using 
1-1  Vi  in.  lengths  of  Teflon  heatshrink  tubing  (*/•  in.  Ld.,  Cole- 
Parmer)  capped  at  both  ends  with  Teflon  rods.  The**  tubas  were 
stored  in  a  desiccator  for  1-3  weeks  and  then  calibrated  at  op¬ 
erational  temperatures  (DMMP,  SO  *C;  DMAC,  25  *0.  The  tube* 
were  weighed  every  2-3  day*  until  constant  permeation  rates  (in 
Mg/min)  were  obtained.  Permeation  rate*  h^  errors  of  less  than 
10%. 

Data  Colleetioa  and  Analysis.  During  coating  testing,  the 
difference  frequency  output  of  the  sensor  was  recorded  every  2 
a  at  1  Hx  resolution.  In  *  typical  experiment,  th*  sensor  was 
exposed  to  air  for  1  min  to  establish  a  bas*  lin*  response.  This 
was  folloamd  by  repested  exposures  of  vapor/air/vapor/air.  svith 
each  exposur*  of  2-min  duration. 

Each  of  ths  12  coating*  was  exposed  to  11  chemical  vapor*. 
Each  vapor  was  run  at  four  different  concentrations,  with  two 
experiment*  (four  vspor  exposures)  st  esch  concentration. 
Ft^uency  shift*  caused  by  these  vapor  exposures  were  determined 
by  integrating  the  area  under  the  signal  peak  and  averaging  over 
th*  number  of  data  points  collected.  An  equilibration  time  of 
20  min  was  scheduled  at  ths  beginning  of  esch  new  vapor  to  allow 
the  vapor  stream  to  achieve  equilibrium.  At  the  completion  of 
the  experiment*  for  a  given  vapor,  the  gas  handler  system  was 
flushed  with  clean  air  for  10  min. 

Pattern  Recognition.  Since  dividing  the  sensor  responses 
by  ooncentration  is  not  possibl*  for  a  field  instrument  messuring 
unknowns,  it  is  important  for  each  sensor  to  be  exposed  to  the 
same  concentrations,  and  to  apply  a  closure  method  (such  as 
pattern  normalisation)  to  the  results,  Th*  data  were  collected 
on  individual  senaon  rather  than  an  arrey.  As  a  result,  th*  sensor 
data  for  a  given  vapor  were  not  always  collected  at  ths  same 
concentration  for  each  sensor.  To  get  the  same  concentrations 
for  eadi  vapor  aoross  a  pattern  vector,  responsm  for  some  sensor* 
erer*  inter^lated  from  th*  calibration  curves.  For  most  of  th* 
11  vapors,  average  frequency  shifts  erer*  determined  for  two 
experiment*  at  each  of  three  concentration*.  Only  two  concen¬ 
trations  resulted  in  satisfactory  responses  for  MSF,  while  all  .'our 
concentrations  of  DMMP  were  consistent  for  all  of  the  sensors 
tested.  These  response  values,  or  descriptors,  for  the  11  vspor* 
fonned  a  66  x  12  data  matrix.  Each  row  in  th*  matrix  is  a  pattern 
vector,  representing  responses  of  the  12  coatings  to  a  given  va* 
por/concentration  experiment. 

These  data  were  then  analyxad  on  a  VAX  11-750  using  pattern 
raeognitiaa  routines  included  in  ADAPT  (76).  The  pattern  vector* 
were  rairmalixad  using  pattern  normalixation  methods  described . 
previously  (72).  The  normalization  procedure  removes  the  effects 
of  concentration  and  the  sensitivity  of  one  vapor  relative  to  an¬ 
other.  This  is  .;eces*ary  to  obtain  the  maximum  amount  of 
chemical  information  from  vapors  that  give  only  weak  responses. 
Each  descriptor  for  a  given  coating  was  then  autoacaled  to  a  mean 
of  zero  and  a  standard  deviation  of  unity.  Although  autoscaling 
altera  the  actual  values  of  the  sensor  responses,  it  does  not  alter 
the  number  of  feature*  or  the  basic  geometry  of  th*  clustering 
(76). 

Multipl*  linear  regression  was  uasd  to  investigsla  th*  uni- 
queiwas  of  each  sensor  while  tasting  for  oolUnearities  which  could 
cause  numerical  instabilitim  in  the  analysis.  After  ths  set  of  sensor 
rasponaas  was  checkad  for  tfollinsarities,  pattern  rseognition 
tachniquas  for  display  and  mapping,  dustaring.  and  dassifleation 
were  implemented. 


Because  it  is  tmpo^sible  to  imagine  the  d.ita  points  clustering 
in  n-dime  isional  space,  s  display  method  was  used  to  transform 
the  data  into  two-dimensional  space  for  easier  visualization.  The 
Karhunen-Loev*  transformation  finds  the  axes  in  the  data  space 
that  account  for  ths  major  portion  of  th*  variance  while  main¬ 
taining  th*  least  amount  of  error.  A  correlation  matrix  for  the 
stored  data  sst  is  oomputad  and  ths  eigenvalue*  and  eigenvectors 
are  then  cxtraclad.  IIm  two-prindpal-component  plot  presents 
the  plans  that  bast  reprsaant*  ths  data  (7  7).  For  display  purposes, 
a  nonlinear  mapping  routine  ia  uasd  to  separate  vapors  that 
overlap  when  pr^setsd  onto  this  plans  but  ar*  separated  in  the 
multidimsnaioaal  spaea.  The  nonlinaar  mapping  routine  trans¬ 
form*  a  sat  of  points  from  n-spac*  to  two-spacs  by  maintaining 
the  aimulaiitiss  bstwesn  ths  point*.  It  doss  this  by  minimizing 
an  error  function  (76). 

(3ust*ting  tadmiquae,  which  ar*  unsuperviaad  Isaming  tech¬ 
niques  becauss  ths  routina*  are  given  only  th*  data  and  not  th* 
cIm  assmbetship  of  ths  points,  group  compounds  together  ac¬ 
cording  to  soma  oitarion.  By  examination  of  ths  different 
dustaring  isaulta.  a  clearer  insight  is  gained  into  th*  actual 
dustaring  in  »■  space  (77).  ADAPT  indude*  a  variety  of  ag- 
glommtavs  histMchial  dustaring  routine*  which  group  the  data 
by  progicssivsly  (using  them  into  suhssta,  two  at  a  time,  until  the 
entirs  group  of  patterns  ia  a  single  set.  Th*  routines  maintain 
a  particular  within-fioup  homogeneity,  depending  on  th*  criterion 
and  th*  fusing  strategy  used.  Three  dissimilarity  metrics  were 
uaeth  (a)  Fivlidasn  distance  squared,  (b)  Euclidean  distance,  and 
(c)  (^berra  distanf*  Th*  fusing  strategies  investigated  were 
(a)  nsaiest  neighbor,  (b)  median,  (c)  average,  aixl  (d)  flexible 
fusion.  Resulting  data  ar*  displayed  in  dendrograms  (79). 

Classiflcation  methods,  whi^  are  also  considered  eupervised 
Isaming  tschniqum  bacausa  they  ar*  given  both  th*  data  and  the 
correct  rlessifirsticn  results,  generate  mathematied  functions  to 
described  tbs  dustaring.  Thm  are  two  basic  modes  of  operation 
for  dassifleation  methods:  (a)  parametric,  and  (b)  nonparametria 
Parametric  techniques  us*  statistical  information  based  on  the 
underlying  data  to  defln*  th*  bouiMlarits  of  th*  dusters.  Their 
performanc*  is  based  <»  ths  assumption  mad*  concerning  th* 
statistical  charactaristics  of  th*  data.  Tbs  nonparametric  tech¬ 
niques  us*  mathematics  to  defln*  th*  ares  between  ths  dusters. 
The  primary  parametric  programs  used  in  these  studies  are  Bayes 
linear  and  qimdratie  (77),  whils  th*  nonparamstric  routines  wet* 
ths  perception  (77)  and  adaptive  least-squares  (ALS)  (20). 

To  achie**  th*  beat  dassification  result^  each  sensor  responsa 
is  multiplied  by  a  cwistant  so  that  ths  contribution  of  each  sensor 
isweiditad.  The  vector  that  is  gensratad  is  callsd  a  weight  vector. 
Ths  routin*  iteratively  update*  tbs  weight  vector,  and  a  decision 
surface  can  ba  located  tetween  th*  rissse*  Th*  weight  vector 
for  a  linear  dsdamn  surface  can  b*  generated  by  one  dassifler, 
stored,  and  thra  used  subsequently  ia  another  classifier.  Weight 
vectocs  can  be  iayrovsd  by  passing  tham  between  classifiers. 

I,earaing  tachniquas  ar*  u^  to  train  tbs  algorithm  on  th* 
correct  rlsmifirstien  results.  A  discriminant  function  is  found 
that  separates  one  dam  Born  another.  Ths  width  of  the  function 
is  a  measure  of  ths  separation.  Feature  selection  is  used  to  reduce 
ths  number  ofssaaors  to  the  smallest  sat  while  maintaining  good 
rismifirstion  isnilts  <7f).  On*  feature  selection  method  randomly 
raaeovm  vapor*  fraat  Um  data  sst  for  each  analysis  ia  multipl* 
applications  af  tbs  perception  algorithm.  Aa  each  vapor  is  re¬ 
moved,  th*  varianco  ia  the  wmgbt  vector  is  dstermined.  If  the 
observed  variano*  is  large,  then  tha  information  from  ths  corre¬ 
sponding  sanaar  dom  not  oontributa  significantly  to  the  observed 
separation  of  daasas. 

RESULTS 

Vapor*  used  during  this  study  are  given  in  Table  I.  These 
vapors  wsr*  eheaan  to  represent  a  variety  of  structural  and 
lunctionai.gfoupaL  In  addition,  w*  were  spedflcally  interested 
in  coatingB  that  emuld  be  senaitiv*  to  toxic  orgaiwiphasphorus 
oompounda.  The  set  of  vapors  contains  three  vapors  selected 
aamulaniB  of  these  asaterials.  Methancsulfon^  fluoride  is 
an  irreversible  snsyme  inhibitor  and.  as  such,  exhibits  bio¬ 
logical  acting  similar  to  the  organophosphorus  insecticides 
PimsUqdarataiHide  has  solubility  propmtisa  that  are 
***"il*t  to  thsae  materials,  a*  indicated  by  the  solubility  pa- 
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Table  III.  Normalized  Vapor  ReapoDMa  (10*’  Hz/Ippm/kITz)) 


coatiriKa 


vapora 

PEM 

OVEMAC 

PVP 

PBAN 

PAOX 

PECH 

ABACD 

KPOL 

PIP 

OV210 

PP2N1 

PPZN2 

MSF 

240 

78 

44 

160 

130 

0.0 

96 

390 

21 

0.0 

30 

37 

DMAC 

650 

60 

0.0 

38 

290 

210 

39 

1360 

15.6 

6.4 

19 

130 

DMMP 

6500 

460 

40 

450 

830 

550 

590 

15600 

230 

204 

340 

990 

DCE 

4.2 

0.9 

2.0 

3.4 

4.2 

3.0 

3.3 

Z4 

ZS 

0.4 

0.5 

0.9 

vrater 

2.3 

1.3 

4.8 

0.3 

0.4 

0.6 

0.4 

0.2 

0.09 

0.2 

0.2 

0.7 

ISO 

0.7 

0.6 

0.13 

0.4 

0.4 

0.4 

1.9 

0.4 

1.7 

0.3 

0.0 

0.4 

TOL 

3.8 

1.3 

0.7 

3.9 

4.8 

3.9 

9.4 

0.12 

3.7 

0.6 

0.5 

1.4 

DES 

4.4 

1.3 

0.4 

3.4 

4.0 

4.1 

8.7 

3.0 

3.7 

0.6 

0.4 

1.7 

TBP 

24 

?.6 

33 

6.4 

17 

7.2 

13.8 

13 

0.08 

29 

3.7 

BTN 

3.6 

0.5 

0.5 

1.8 

1.9 

2.0 

2.2 

3.0 

0.54 

0.3 

1.3 

1.9 

BTL 

11 

2.7 

11 

3.4 

8.9 

2.6 

IS 

8.0 

1.0 

0.7 

0.9 

1.1 

rameter  value*  in  Table  I.  Dimethyl  methylphoaphonate 
(DMMP)  ia  atructurally  aimilar  to  many  of  the  organo* 
phosphonia  pesticides.  These  three  vapors  are  grouped  to¬ 
gether  and  labeled  <•!««  1  vapors.  The  remaining  vapora  are 
called  claaa  2  and  represent  a  very  general  set  of  potential 
interferences.  Note  that  tributyl  phosphate  is  also  an  orga- 
nophosphorus  compound.  It  ^  been  included  in  class  2 
specifically  to  test  the  ability  of  the  coatings  and  pattern 
recognition  techniques  to  distinguish  between  chemically 
MmiUr  compounds.  Included  in  the  table  are  solvatocfaromic 
parameters,  which  are  a  scale  for  comparing  the  solubility 
properties  of  these  vapors  (22, 22).  These  parameters  are  a 
measure  of  the  dipolarity/polarizability  («^),  hydrogen  bond 
donor  acidity  (a),  and  hydrogen  bond  acceptor  basicity  (fi). 
The  ranges  of  values  in  the  tables  are  evidence  of  the  gen¬ 
erality  of  the  set  of  selected  vapors.  No  data  are  available 
directly  for  DMMP  or  iaooctane.  Values  in  the  table  for 
DMMP  are  based  values  for  a  similar  compound,  dimethyl 
ethylpboephonate  (DMEP).  Values  for  isooctane  are  based 
on  values  for  2,4-dimethyIpentane.  llieas  parameters  will  be 
correlated  with  observed  response  behavior  in  the  discussion 
section. 

Adsorbmit  coatings  exhibited  good  response  times,  usually 
reaching  90%  of  total  response  within  1  min.  At  high  vapor 
concentrations,  the  response  time  was  more  a  fimction  of  the 
system  dead  volume  tb^n  of  the  coating  response  behavior. 
At  lower  concentrations,  however,  responses  may  have  been 
affected  by  longer  equilibration  time  between  vapor  and 
coating,  or  by  adsorption  of  vapor  onto  tubing  sralls.  Upon 
removal  of  the  vapor  stream,  a  rapid  return  to  stable  basdine 
was  usually  observed.  A  typical  response  is  shown  in  Figure 
2.  Reversible  responses  were  observed  for  all  vapor/coating 
pairs  given  in  Table  IIL  Frequency  shift  data  were  used  to 
generate  calibration  curves.  The  slopes  of  these  curves  in 
Hz/ppm  (vapor),  were  then  normalized  by  dividing  by  the  film 
thickness  (in  kHz).  Normalized  responses  are  presented  in 
Table  Ill. 

(boating  materials  and  their  structures  are  given  in  Table 
n.  Because  we  were  interested  in  detecting  organophoephotus 
compounds,  costings  wereaelected  based  on  preliminary  tests 
that  indicated  a  sensitivity  to  DMMP.  (boating  sensitivities 
to  other  vapora  in  this  study  were  not  known,  and  extreme 
selectivities  to  DMMP  and  other  class  1  vapors  were  not 
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Flgers  3.  Bar  graphs  showing  relative  response  pattems  of  10 
coatings  to  spectOc  vapors. 


suspected.  In  general,  most  of  the  coatings  were  more  sensitive 
to  daas  1  than  to  das*  2  vapors  and  exhibited  particulariy  good 
sensitivity  to  DMMP.  Poly(ethylene  maleate)  and  fluoro- 
polyol  were  the  most  sensitive  coatings  for  detecting  DMMP 
and  other  rLms  l  vapors.  The  response  of  fluoropolyol  to 
DMMP  was  the  response  of  greatest  magnitude  in  the  entire 
data  set  and  was  at  least  2000  times  greater  than  its  response 
to  any  rl—  2  vapor.  The  coating  that  was  least  sensitive  to 
DMMP  was  poly(vinylpyrrolidone).  While  it  was  the  most 
sensitive  coating  for  water,  its  response  to  water  was  still  10 
times  less  than  its  response  to  DMMP. 

Noise  levels  of  10>15  Hx  are  associated  with  the  SAW  de¬ 
vices.  Assuming  a  S/N  ratio  of  3,  the  minimum  detected 
signal  is  45  Hz.  For  a  100-kHz  film  of  fluoropolyol,  for  ex¬ 
ample,  this  translates  into  detection  limits  of  0.03  ppm  for 
DMMP  and  <2000  ppm  for  water.  For  a  lOlVkHz  film  of 
poly(vinylpyrrolidone).  these  detection  limits  are  11  ppm  and 
100  ppm,  respectively. 

Individual  bar  graphs  showing  the  relative  responses  of  the 
12  coatings  to  six  of  the  vapors  are  shown  in  Figure  3.  For 
display,  responses  are  normalized  to  the  coating  with  the 
greatest  responses,  while  the  scale  of  actual  response  (in 
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FIguro  4.  Bar  graphs  showing  ralattva  rasponsa  pattams  of  four 
coalings  normalzad  to  class  1  vapors  (sold  bars)  and  class  2  vapors 
(paraM  sirlood  bars). 


I  Flguro  S.  mselpal  oomponars  ptol  ustng  rostais  from  al  12  ooatfngs. 

Hz/(ppm/kHz)  is  given  on  the  y  axis.  Similarly,  bar  graphs 
showing  the  responses  of  four  of  the  coatings  to  all  11  vapors 
are  shosm  in  Figure  4.  The  solid  bars  shown  are  all  nor¬ 
malized  to  the  vapor  eliciting  the  highest  response.  In  most 
cases,  the  class  2  vapors  elicited  much  lower  responses  than 
class  1  vapoim.  For  this  reason,  the  response  patterns  for  these 
vapors  are  not  easily  seen  when  plotted  on  the  same  scale  as 
the  class  1  vapors.  To  display  the  relative  responses  of  the 
class  2  vapors  on  the  same  graph,  the  class  2  vapors  were 
normalized  to  the  highest  class  2  response.  Bars  have  been 
superimposed  in  Figure  4  to  show  the  response  pattern  of  the 
normali^  class  2  vapors. 

Patton  Bocogaition.  The  multiple  linear  regression  re¬ 
sults  indicate  that  the  correlation  between  sensors  is  not 

(strong,  so  individual  costings  could  not  be  eliminated  on  the 
basis  of  redundancy.  According  to  eigenanalysis,  ten  sensors 
account  for  99%  of  the  variance,  indicating  that  at  least  two 
of  the  aenaois  can  be  removed  without  reducing  the  separation 
I  between  compounds.  The  first  two  principal  components  from 
I  the  Karhunen-Loeve  traitaformation  were  used  to  initialized 
the  nonlinear  mapping  routine.  The  resulting  plot  is  shown 
in  Figure  5.  Class  1  and  class  2  compounds  arejabeled  on 
I  the  plot  with  a  1  or  a  2,  raspectively.  It  is  clear  that  responaas 
I  for  individual  vapors  tend  to  cluster  in  diacicet  sectors  of  space 
with  well-defined  boundaries.  In  addition,  class  1  vapors  tend 
to  cluster  near  one  other.  Vapors  cluster  in  n-spece  baaed  on 
I  BHailaritics  in  response  patterns.  These  duateia  may  indicate 
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similarities  in  vaper/ooating  intcractmo  mechanisms  for  these 
vapors. 

Hierarchical  dmitr  analysis  produce  similar  results  for  each 
metric.  The  fuaiim  methods,  however,  produced  different 
groupings.  Flezihls  fusion  sras  selected  for  display  because 
it  is  space  conserving  and  doea  not  change  the  relationships 
betweenthagraupeef  data  (24).  The  dendrogram  resulting 
from  hierarchical  chater  analysis  on  one  third  of  the  data  set 
is  shown  in  Fignm  9.  The  original  matrix  was  reduced  to 
simplify  vistialhraHiiii.  Results  from  the  second  experiment 
of  the  two  higheat  concentrations  were  selected.  Tlte  y  axis 
of  the  dendrogram  is  a  measure  of  the  dissimilarity  of  lesponsa 
patterns  for  given  vepota.  Thus,  diethyl  sulfide  and  toluene 
exhibit  very  siaihr  response  patterns,  and  the  lines  repre¬ 
senting  the  rrsposna  patterns  for  these  vapors  converge  very 
low  on  the  y  axis  of  the  dendrogram.  Conversely,  the  lines 
for  water  and  isiiortane  do  not  converge,  indicating  very 
dissimilar  respenea  patterns. 

Similaritise  amt  linimilaritiee  in  the  coating  were  examined 
by  applying  dusWr  analysis  on  the  traiupose  of  the  66  x  12 
matrix.  Since  nostmetural  information  was  evaileble  for  the 
polyphoephaxine  cnetinga,  information  derived  from  these 
coatings  is  of  limilad  value.  Disregarding  the  response  daU 
for  these  coatings,  dnster  analysis  was  also  applied  to  the 
transpose  of  the  laanlting  66  x  10  matrix.  TbcM  results  are 
displayed  in  Fignm  7. 

By  use  of  claaaifieatiea  routines  and  feature  selection  to 
reduce  the  senaom  with  the  most  variance,  four  coatings  were 
found  that  could  sapatate  dess  1  from  cIm  2  vapors.  These 
were  polyfethylene  maliste).  fluoropolyol,  oct^ecyl  vinyl 
ether/meleic  anhydride  copolyiner.  and  poly(vinyl- 
pyrrolidone).  The  byperplane  between  the  two  classes  can 
be  given  e  deed  sane  (or  a  width  of  1000  times  the  normal 
width  produced  by  the  routines),  edikh  indicates  that  the 
elaaoea  are  well  aapasaled.  With  all  four  coatings.  100% 
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FIgur*  7.  Typical  hlararchlcal  chatar  rasults  of  coattngi  bosad  on 
rasponaasto  11  vapors  (Eucidaan  dWanoa  moMe  wtth  flaxUa  hadon). 


Flgura  S.  Principal  componanf  pM  using  results  from  Ota  fov  bast 
coatfrigs:  PEM,  FPO.  PVP.  OVEMAC. 


recognition  of  vapors  aa  claas  1  or  claas  2  ia  posaibla:  Elim* 
mating  octadecyl  vinyl  ether/maleic  anhydride  o^lymer 
decreaaee  thia  to  94%,  which  atill  represents  reasonaUy  good 
discrimination.  The  weight  vectors  for  these  coating  are  given 
in  Table  IV.  Of  these  coatings,  fluoropolylol  and  poiyivi- 
nylpyrrolidone)  are  most  important  for  the  correct  dassifl- 
catipn  of  class  .1  vapors,  while  poly(ethylene  maleata)  is  im¬ 
portant  for  claas  2  vapors. 

The  nonlinear  mapping  plot  from  the  two  principal  com¬ 
ponents  using  these  four  coatings  is  ehown  in  Figure  ft.  While 
the  cluster  spacaa  for  some  of  the  vapors  appear  to  overlap, 
the  bourxlary  for  daas  1  compounds  is  still  well  defined.  The 
dendrogram  produced  by  Eudidean  metrics  and  flexiUe  fiaion 
for  these  coatings  ia  given  in  Figure  9.  Class  1  compounds 


FIgwet.  Typical  NersfCWeal  duster  festils  of  Ifievapem  tor  the  best 
four  coatings  (EucMaan  dstanoe  mefrte  wim  flexUa  fusion). 


are  dustered  very  dosely,  and  except  for  butanone,  axe  well 
separated  from  the  interference  vapors. 

DISCUSSION 

In  the  course  of  discuasittg  these  results  we  will  attempt  to 
develop  a  rationale  to  be  used  in  future  coating  design  and/or 
aelecti^  The  sohmtochromic  parsmeters  in  Table  I  represent 
a  relative  scale  for  comparing  solubility  properties  of  the 
vapors.  The  values  in  the  table  are  for  bulk  solutions  and  do 
not  describe  all  possible  solubility  interactions.  For  the 
purposes  of  the  discussion  they  represent  a  reasonable  first 
approximation  of  the  solubility  properties  of  these  materials. 
By  correlating  obaerved  respimses  with  these  parameters,  we 
hope  to  identify  the  vapor/coating  interaction  mechanisms 
that  are  responsible  for  our  results. 

Since  no  quantitative  scale  is  available  to  characterize  the 
solubility  properties  of  the  coating  materials,  qualitative  es¬ 
timates  of  relative  hydrogen  bond  acceptor  (HBA)  and  hy¬ 
drogen  bond  doixir  (IffiD)  strengths  were  made  based  on  the 
weight  percentages  of  HBA  and  HBD  functional  groups  in 
their  structure.  These  percentages  are  reported  in  Table  II. 
Materials  lacking  any  hydrogen  bonding  functional  groups 
were  labeled  nan  hydrogen  bonding  (NHB).  All  these  ma¬ 
terials  are  polymers  with  the  exception  of  abietic  add,  which 
is  a  crystalline  organic  materiaL  Since  no  structural  infor¬ 
mation  was  available  for  the  polyphosphazines,  results  for 
these  coatings  will  not  be  induded  in  the  discussions  of 
structure/respiHise  cmrelations. 

The  vapor/coating  interaction  could  be  modeled  as  the 
dissolution  of  a  solute  vapor  in  a  solvent  coating.  It  is  rea¬ 
sonable  to  model  the  coatings  as  a  solvent  phase  since  all  vhe 
polymers  were  employed  above  their  glass  transition  tem¬ 
peratures.  The  response  should  be  determined  by  solubility 
interactions,  e.g.,  dipole-dipole  and  hydrogen  bond  interac¬ 
tions.  Tha  data  set  as  a  w^le  indicates  that  the  solubility 
properties  represented  by  the  parameters  in  Table  I  are  im¬ 
portant  in  determining  SAW  device  responses.  The  six  vapors 
whose  response  patterns  are  illustrated  by  the  bar  graphs  in 
Figure  3  are  represmtative  of  various  dasses  of  vapors,  based 
on  solubility  properties.  Water  is  a  strong  HBD  and  a  weak 
HB't;.  1-butanol  is  both  HBD  and  HBA;  DMMP  and  tributyl 
phosphate  are  HBA  but  not  HBD;  isooctane  is  a  NHB  vapor 
with  little  or  im  dipolarity/polarizability;  and  dichloroethane 
is  a  NHB  vapor  with  significant  dipolarity/polarizability.  The 
bar  graphs  in  Figure  3  show  that  vapors  with  different  solu¬ 
bility  properties  elidted  different  coating  response  patterns. 
Vapors  with  similar  solubility  properties,  such  aa  DMMP, 
dimethylacetamide,  and  2-butanone  have  more  similar  re- 
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sponse  patterns  (see  datii  in  Table  ill).  DMNiP  and  tribulyl 
phosphate,  however,  have  easily  distin^ishable  response 
patterns  but  have  a  aimilar  solubility  properties.  Closer  ei- 
amination  shows  that  this  is  primarily  due  to  poly(vinyl- 
pyrrolidone).  fluoropolyol,  and  OV210.  While  the  overall 
response  of  the  remaining  coatings  is  still  more  sensitive  to 
DMMP,  the  general  rtaponse  pattern  of  these  coatings  is  more 
similar. 

The  reason  for  which  all  the  coatings  were  most  sensitive 
to  DMMP  is  not  clear.  Eiamination  of  the  solubility  pa- 
rametais  in  Table  I  indicates  that  DMMP  is  not  exceptional 
j>  its  hydrogen  bonding  ability.  Therefore,  the  extremely  high 
response  of  theae  coatings  to  DMMP  must  be  due  tr  some 
solubility  property  that  has  not  been  characterized  in  Table 
I,  such  as  its  dipolarity/polarizsbility,  or  to  a  fortuitous 
combination  of  solubility  properties. 

The  noted  differences  ofaaarved  between  DMMP  and  tri¬ 
butyl  phosphata  are  also  likely  due  to  differences  in  a  solubility 
paramater  that  is  not  examined  here.  Structurally,  these 
vapors  differ  in  size,  with  tributyl  phosphate  containing  large 
all^l  groups  that  may  significantly  aff&zt  its  solubility  in 
certain  materials. 

Hierarchical  chuter  analysis  provides  a  more  systematic 
determination  of  tha  similarity  or  dissimilarity  of  the  various 
vapors,  as  determined  by  SAW  sensor  responses.  The  re¬ 
sulting  dendrogram  in  Figure  6  aorta  the  vapors  in  a  manner 
that  is  consistent  srith  their  solubility  properties.  Starting 
from  the  top  of  the  plot  and  srarking  down  (toward  increasing 
similarity),  tha  NHB  vapors  on  the  right  are  separated  from 
the  liBA  and  HBD  vapors  on  the  left  Isooctane  is  separated 
from  the  other  NHB  vapors,  a  result  consistent  with  the 
unique  character  of  iaooetane  as  indicated  in  Table  I.  It  is 
the  only  vapor  with  near  zero  dipolarity/ olarizability.  The 
NHB  vapors  with  significcnt  dipolarity/polarizsbility  (1,2- 
dichloroethane,  toluene,  and  diethyl  sulfide)  are  more  similar 
to  one  another  than  they  are  to  isooctane  cr  the  HBA  and 
HBD  vapors.  In  this  cluster,  dichloroethane  stands  out  in  the 
dendrogram  and  in  Table  I  as  the  NHB  vapor  with  the 
greatest  dipolarity/polarizsbility. 

Among  the  HBA  and  HBD  vapors  on  the  left  of  the  den¬ 
drogram,  water  is  the  least  similar  to  any  other  vapors.  Ac¬ 
cordingly,  water  is  seen  in  Table  I  to  have  extremely  highly 
dipolarity/polarizability.  It  is  also  unusual  in  its  relatively 
high  HBD  character.  The  other  HBD  vapor,  1-bututol,  has 
significantly  greater  HBA  character  and  less  dipoinrity/po- 
larizability  than  water  and  is  shown  in  the  dendrogr:.'>m  to  be 
more  similar  to  tha  other  HBA  vapors.  In  general,  t'e  HBA 
vapors  cluster  together,  with  DMMP  and  dimethylacetamide 
being  the  most  similar.  These  results  demonstrate  that  the 
solubility  properties  in  Table  I  should  be  considered  as  im¬ 
portant  factors  affecting  SAW  sensor  responses. 

Exceptions  to  these  general  trends  must  also  be  considered. 
For  example,  m^hanasulfonyl  fluoride  clusters  with  the  other 
HBA  vapors,  but  it  is  a  weak  HBA  vapor  and  may  be  more 
similar  to  that  of  diethyl  sulfide,  a  NHB  vapor.  Similarly, 
tributyl  phosphate  does  not  cluster  as  closely  to  DMMP  as 
might  be  expected  based  on  the  fact  that  both  are  organo- 
phoaphorus  compounds  with  similar  HBA  strength.  Indi¬ 
vidual  coreparisons,  therefore,  emphasize  the  importance  of 
factors  in  addition. to  the  solubility  properties  in  Table  I.. 

The  roles  of  coating  properties  and  structures  in  deter¬ 
mining  sensor  respooaea  cannot  be  fully  determined  by  theae 
data,  (^ting  responses  will  ba  influenced  by  a  mixture  of 
interactions  with  various  structural  features  such  as  double 
bonds,  eonjugaSon,  aliphatic  side  chains,  and  heteroatomic 
functional  groups.  Tha  relative  importance  of  these  inter¬ 
actions  is  difficult  to  detarmine,  and  relevant  solubility 
properties  for  these  coatings  have  not  yet  been  identified. 


We  can,  however,  explore  the  role  of  hydrogen  bondin;; 
interactions  by  using  the  relative  scale  of  HBA  and  HBD 
strengths  in  Table  B.  With  the  exception  of  poly(isoprene). 
all  of  tha  coatings  contain  heteroatoma  capable  of  accepting 
hydrogen  bonds.  HBA  strength  should  be  significant  for  those 
coatings  containing  carbonyls  of  nitrogen-conUining  groups. 
Weaker  HBA  strength  is  expected  for  those  coatings  con¬ 
taining  only  ether  linkages.  Three  of  tha  coatings  also  contain 
HBD  groups  (fhiorapoiyol,  polyfamidoxime),  and  abietic  add). 
Water  and  butanol  are  tha  only  HBD  vapors  in  our  daU  set 
Of  these,  trends  in  tha  reeponea  to  watar  vapor  are  most  likely 
due  to  HBA  strength  of  the  coatinp  b^use  water  has 
stronger  HBD  than  HBA  strength  and  has  no  aliphatic 
character.  For  this  reason,  coatings  were  listed  on  the  x  axis 
of  Figure  3  in  order  of  decreasing  response  to  water. 

The  results  in  Figure  3  show  that  tha  relative  coating  re¬ 
sponses  to  watar  tend  to  follow  tha  relative  HBA  strengths 
estimated  from  tha  weight  percentages  of  the  HBA  functional 
groups  in  the  coating  structurea.  This  confirms  that  hydrogen 
bonding  interactions  sn  important  and  justifles  consideration 
of  the  simple  scale  in  Table  11.  While  water  also  has  con¬ 
siderable  dipolari^/polarizability  properties,  the  data  indicate 
no  correlation  with  polarity.  Nonpolar  isooctane  does  not 
exhibit  a  trend  opposite  to  that  exhibited  by  water  nor  does 
polarizable  djfhtoiocthsne  follow  any  apparent  trend.  The 
other  HBD  vapor,  1-butanol,  exhibits  a  different  response 
pattern.  This  may  be  due  to  greater  HBA  strength  and  more 
organic  character  relative  to  water. 

On  the  low  and  ofthkacnla,  polyfboprene)  is  tha  only  NHB 
vapor  coating  in  this  study.  It  exhibits  a  much  larger  response 
to  the  NHB  vapor  isooctane  than  any  other  coating,  with  tha 
exception  of  abietic  add.  In  addition,  the  responses  of 
po)y(isoprene)  to  other  NHB  vapors  (dichloroethane,  toluene, 
and  diethyl  sulfide)  are  larger  than  fw  tha  HBA  and  HBD 
vapors  b  class  2.  b  general,  the  othw  coatings  exhibit  higher 
responses  to  dass  2  HBA  vapors,  particularly  TBP  and  bu¬ 
tanol,  than  to  tha  NHB  vapors. 

The  bar  graphs  b  Figure  4  and  tha  date  b  Table  III  b- 
dicate  that  all  the  coatings,  except  poly(vbylpyrrolidooe),  have 
a  fundamental  similarity.  They  are  more  sensitive  to  «‘l««» 
lthantodaaB2vapotn.  Cluster  analysis  helpe  to  more  clearly 
identify  similarities  and  disaimflarties  among  the  coatings,  b 
the  dendrogram  b  Figure  7,  fluoropolyol,  poly(ethylene  ma- 
leate),  and  PVP  stand  out  as  being  most  dissimilar  to  other 
coatings  and  else  diseimilar  to  one  another.  Theae  results  can 
be  related  to  the  d^  by  examining  tha  bar  graphs  b  Figure 
3.  Relative  to  tha  other  coatings,  iluoropolyd  has  very  strong 
response  to  DMMP,  a  sreak' response  to  water,  and  average 
responses  to  tributyl  phosphate  and  isooctane.  Poly(ethylene 
maleate)  exhibits  strong  response  to  DMMP,  water,  and 
tributyl  pheaphate,  and  an  average  response  to  isooctene. 
Polyfvinylpymlidooe)  has  strong  responses  to  water  and 
tributyl  phosphate,  but  givss  tha  weakest  responsea  to  DMMP 
and  isooctena.  bieteting  the  dendrogram  rmults  to  structure, 
it  is  worth  noting  that  poiy(vbyipytrolidone)  may  be  the  moat 
basic  of  the  coatings  b  tha  date  set.  Poly(ethylene  maleate) 
may  be  tha  ssost  polar,  sbee  it  hm  polar  groups  b  the 
backbone  and  no  sida  chains.  Fluorop<dyol  is  distinctive  in 
its  combination  of  structural  features,  such  a  (luoroaliphatic, 
aromatic,  ether,  and  hydroxyl  groups. 

Similaritias  einnng  the  coatings  are  shown  b  the  dendro¬ 
gram  by  tha  dusterbg  of  polyfiaoprene),  oetadacyl  vinyl 
ether/malaie  anhydride  eopotymer.  and  OV2ia  These  all 
have  subetential  hydro^mbw  character.  The  cluster  con¬ 
taining  poly(epichiorohydrin).  abietic  acid,  acrylonitrile/ bu- 
**diwia  mpniynar,  and  pteyiamidosims)  is  of  interest 
poiy(afflidoiimri  is  a  modification  of  tha  acrylonitrile/bute- 
diene  copoiymar.  Ths  saodirieatian  created  a  small  peremtage 
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(0.07)  of  HBD  groups.  As  a  result,  poly(ainidoxiine)  clusters 
slightly  closer  to  abietic  add,  which  also  has  HBD  groupe,  than 
to  Its  parent  polymer.  A  previous  study  of  27  coating  materials 
on  piezoelectric  sensors  demonstrated  that  clustering  of  these 
materials  may  be  influenced  by  structural  similarities  (7). 
Fewer  coatings  were  used  in  our  data  set,  and  the  coatings 
employed  were  structurally  more  diverse.  As  a  result,  such 
clustering  is  not  as  evident. 

CONCLUSIONS 

The  solubility  properties  considered  in  this  paper  were 
systematically  demonstrated  to  be  important  factors  in  de¬ 
termining  SAW  sensor  responses.  The  exceptions  noted  in¬ 
dicate  the  limitations  of  using  bulk  solution  values  in  de¬ 
scribing  dilute  solutions  and  also  indicate  that  additional 
properties  not  yet  considered  may  also  exert  some  influence. 
Solubility  properties  currently  provide  the  best  rationale  for 
selecting  or  designing  coatings  for  specific  applications.  A 
more  detailed  investigation  of  the  relationship  betsreen 
structure  and  observed  solubility  properties  would  also  fa¬ 
cilitate  the  selection  and  design  processes. 

Pattern  recognition  techniques  were  valuable  in  extracting 
information  regarding  vapor/coating  interactions  from  this 
multidimensional  ds^a  set.  In  addition,  it  is  clear  that  the 
combination  of  multiple  sensor  arrays  of  coated  SAW  devices 
and  appropriate  pattern  recognition  software  will  provide  a 
sensor  system  that  can  be  selective  as  well  as  sensitive  for  a 
broad  spectrum  of  compounds. 
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Surface  acouatic  wave  (SAW)  devteea  coaled  wllh  e  IMn  flbn 
of  a  aUUonary  phaae  aanaa  cfiemicel  vapora  bi  Ihe  paa  pheae 
by  delecting  the  maoe  of  the  vapor  that  dietribules  Inlo  the 
atallonary  phaae.  Thia  dlatrlbutlon  can  ba  deacribed  by  the 
parttUon  coefflelent.  An  eguallon  la  preaenlad  that  allowa 
pertlllon  eoefflclenla  to  be  caleuleled  from  SAW  vapor  senaor 
fraguency  shifla.  The  eiperbneiilal  reaponaea  of  Ituoro* 
polyetcoaled  ISS^fHz  dual  detey  Ine  SAW  vapor  aenaoro  are 
converted  to  partition  eoefflclenla  by  thIa  method,  attd  Iheae 
reaulta  ere  compared  with  partition  eoefflclentt  determined 
by  gee-dquM  chromalogrephy.  Theae  two  melhode  rank  the 
vapora  In  the  aame  order  of  Incraaaing  aorptlon,  but  IndhrMual 
partttlon  coefflelant  veluea  era  not  elwaya  In  praciae  agree- 
metrt.  The  Influence  of  temperature  end  gaa-phaae  vapor 
concentration  on  vapor  aorptlon  Is  also  esamlned. 


The  use  of  surface  acouatic  wave  (SAW)  devices  for  aeiuing 
chemical  vapora  was  first  reported  in  1979  (7)  and  hat  since 
been  invasticatad  by  saver^  groups  (2-19).  SAW  devices 
function  by  generating  mechanical  Rayleigh  surface  waves  on 
a  thin  slab  of  a  piezoelectric  material  (such  as  quartz)  that 
oacillates  at  a  characteristic  resonant  frequency  when  placed 
in  a  feedback  circuit  with  a  radio  frequency  (rf)  amplifier  (7). 
The  oscillator  frequency  is  measurably  altered  by  small 
changes  in  mass  or  elastic  modulus  at  the  surface  of  the  SAW 
device.  Vapor  sensitivity  is  typically  achieved  by  coating  the 
device  surface  with  a  thia  film  of  a  stationary  phaae  that  will 
selectively  abeorb  and  concentrate  the  target  vapor.  Vapor 
sorption  increases  the  mass  of  the  surface  film  and  a  shift  in 
the  oacillaUir  frequency  is  observed.  SAW  devices  offer  many 
advantages  as  diemical  aenaora  including  small  size,  low  cost, 
ruggedneas,  and  high  sensitivity.  A  further  advantage  is  the 
potential  for  these  sensors  to  be  adapted  to  a  variety  of 
gas-phase  analytical  problems  by  designing  or  selecting  speaTw 
coatings  for  particular  applications.  Methods  to  quantify 
vapor  sorption  and  to  uiulerstand  the  solubility  intersetiona 
responsible  for  vapor  sorption  jvill  facilitat*  coating  devel¬ 
opment. 

Equilibrium  sorption  of  ambient  vapor  into  the  SAW  device 
coating  represents  a  partitioning  of  the  solute  vapor  between 
the  gas  phase  and  the  stationary  phase.  This  process  is  il¬ 
lustrated  in  Figure  I.  The  distribution  can  be  quantified  by 
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a  partition  coenicient,  K,  which  gives  the  ratio  of  the  con¬ 
centration  at  the  vapor  in  *ba  stationary  phase,  to  the 
concentratkn  of  the  vapor  in  the  vapor  phase,  C, 

X^C,/C,  (1) 

An  equation  is  derived  herein  tha.  allows  FC  to  he  calculated 
directly  from  observed  SAW  vapor  sensor  frequency  shifts. 
This  conversion  provides  a  method  of  normalizing  empirical 
SAW  data  ia  a  way  that  provides  informatioi  shout  the  ve- 
por/ coating  sorption  equilibrium. 

As  a  sorptioo  detector,  the  SAW  sensor  la  similar  to  the 
bulk- wave  pecsoelectric  (BWP)  oystal  dete^'  first  reported 
by  King  (201, 21).  A  linear  relationship  bet  <en  the  BWP 
crystal  frequency  shift  (Of)  and  K  was  later  ue-ived  by  Jan- 
ghorbani  and  Freund  (22).  These  authors  investigate  the 
use  of  coetedBWP  czystals  as  gas  chromatographic  detectors 
and  demonatiatad  that  peak  areas  srere  linearly  related  to 
letentkmvolmaeeforthrMn-alkanesoasqualene.  (Retention 
volumes  are  directly  proportional  to  Ff.)  Edmonds  and  West 
demonstrated  that  the  responses  of  a  tricresyl  phoephata 
coated  BWP  crystal  to  five  vapors  at  30  *C  correlated  with 
relative  gae-Cquid  chromatographic  (GLC)  retention  times 
at  93  *C;  tbase  results  provid^  qualitative  experimental 
support  for  the  linear  relationship  between  Sf  and  K  (23). 
Alder  et  aL  have  also  noted  that  then  is  a  relationship  between 
Of  and  K,  and  that  the  slope  of  response-concentration  plota 
should  provide  a  measure  of  K  (24).  The  relevance  of  FT  to 
SAW  vapor  sensor  responses  has  also  been  previously  noted 
(6,5).  The  fisqnsHcy  shifts  of  a  poly(ethylene  maleate)  coated 
device  in  r'spanae  to  five  vapora  wen  compared  with  relative 
Ff  values  estima>l  by  using  solubility  parameters  (8). 

None  of  the  previous  studies,  however,  have  calculated 
partition  foelftiiiits  from  sensor  rmponees  or  compared  them 
with  absolute  values  of  K  determined  by  any  other  method. 
Thb  is  due.  m  part,  to  the  scarrity  of  literatun  data  on  ab¬ 
solute  K  values,  especially  near  ambient  temperatures.  We 
have  therefeee  begun  measuriitg  absolute  K  values  by  GLC 
at  25 'C  for  a  wide  variety  of  vapors  on  SAW  coating  materials, 
with  several  ahjectivea  in  mind.  First,  we  wish  to  use  GLC 
as  an  independent  method  of  measuring  sorption  into  our 
coating^  materials  and  to  compare  FC  values  determined  by 
GLC  with  K  values  determine  from  SAW  measurements. 
Partition  coaOicisnU  provide  the  best  availabls  first  ap- 
proximatiaa  tea  the  pndiction  of  SAW  senaor  responses. 
Second,  the  dbabsM  M  GLC  K  vahicacan  be  correlated  wlh 
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FIgur*  1.  Olstrixitinn  of  vapor  between  the  gas  phase  and  the  sta¬ 
tionary  phase  which  is  quantified  by  the  partition  coefficient,  K. 

vapor  solvatochromic  parametars  which  describe  vapor  solu¬ 
bility  properties  (25-2S).  These  correlations  yield  regression 
equations  that  predict  K  values  for  additional,  unmeasured 
vapors  whose  solvatochromic  parameters  are  known  (29). 
Third,  the  coefficients  in  these  equations  provide  a  method 
for  characterizing  the  solubility  properties  of  the  coating 
materials  (29). 

In  this  paper,  we  develop  the  equation  relating  SAW  fre¬ 
quency  shifts  to  K  values  and  introduce  the  methods  used  to 
pursue  the  objectives  above.  We  specifically  examine  the 
sorption  of  nine  vapors  into  a  soft  oligomeric  material  referred 
to  as  tluoropolyol.  This  material  was  chosen  on  the  basis  of 
a  prior  study  where  several  diverse  stationary  phases  were 
applied  to  SAW  devices  and  exposed  to  a  range  of  chemical 
vapors  (5).  The  fluoropolyol-coated  sensor  gave  some  of  the 
highest  responses  observed.  These  results  prompted  us  to 
begin  a  more  extensive  investigation  of  its  sorption  behavior. 

THEORETICAL  DEVELOPMENT 

The  change  in  oscillator  frequency,  £^f„  observed  when  a 
bare  SAW  device  is  coated  with  an  isotropic,  nonpiezoelectric, 
nonconducting,  thin  film  has  been  described  by 

(2) 

where  ki  and  are  materiel  constants  for  the  piezoelectric 
substrate,  F  is  the  unperturbed  resonant  frequency  of  the 
SAW  oscillator,  which  is  determined  by  the  geometry  of  the 
interdigital  transducers  fabricated  onto  the  surface,  h  is  the 
coating  thickness,  p  is  the  coating  density,  p  and  X  are  the 
shear  modulus  and  Lame  constants  of  the  coating,  and  Ur  is 
the  Rayleigh  wave  velocity  in  the  piezoelectric  substrate  (7). 
The  second  term  in  this  equation  depends  on  the  mechanical 
properties  of  the  film  and  is  often  negligible  for  soft  organic 
materials.  If  the  mechanical  properties  are  neglected,  then 
eq  2  reduces  to  eq  3,  which  describes  the  perturbation  in 
frequency  caused  by  the  mass  of  the  applied  film  (7).  This 

A/,  “  (A,  +  ki)F‘hp  (3) 

treatment  assumes  100%  coverage  of  the  device  active  area. 
The  product  of  the  factors  h  (fihr  thickness  in  meters)  and 
p  (film  density  in  kilograms  per  cubic  meter)  in  this  equation 
is  simply  the  mass  per  unit  area.  Therefore  the  frequency 
shift,  A4,  in  hertz,  caused  by  application  of  the  thin  film 
coating  onto  the  bare  SAW  device  can  be  expressed  as 

A/,  =.  (*,  +  k.^Pm,/A  (4) 

The  variable  m,  is  the  mass  of  the  coating  in  kilograms  and 
A  is  the  coated  area  in  square  meters.  The  frequency  shift, 
Af,.  in  hertz,  caused  by  absorption  of  the  vapor  into  the  coating 
can  be  expressed  similarly  as 

AA,  »  (*,  +  kt)Pm,/A  (5) 

The  variable  m,  is  the  mass  of  the  vapor  in  the  stationary 
phsM  coating.  Dividing  eq  5  by  eq  4  and  rearranging  gives 


eq  6,  which  is  identical  with  an  equation  derived  by  King  for 
coated  BWP  crystal  detectors  (20). 

A/,  =  Af,m,/m^  (6) 

The  mass  of  the  vapor  in  the  stationary  phase  coating  is 
the  factor  of  greatest  interest.  It  can  be  related  to  the  con¬ 
centration  of  the  vapor  in  the  stationary  phase  C„  in  grams 
per  liter,  by 

C.  =  m,/V.(0.001  kg  g-‘)  (7) 

V,  is  the  volume  of  the  stationary  phase  in  liters.  Now, 
substituting  eq  7  into  eq  3  and  rearranging  gives 

m,  »  XC,V.(0.001  kg  g-')  (8) 

C,  is  the  concentration  of  the  vapor  in  the  gas  phase  in  grams 
per  liter.  Finally,  substitution  of  eq  8  into  eq  6  relates  A/, 
to  if  as  shown  in  eq  9. 

A/.  -  A/^C,V.(0.001  kg  g-«)/m.  (9) 

This  result  can  be  further  simplified  by  noting  that  VJm, 
is  the  reciprocal  of  the  density,  p,  of  the  stationary  phase.  If 
A/i  is  converted  from  hertz  to  kilohertz,  the  0.001  conversion 
factor  cancels  out.  The  final  result  is 

A/,  -  A/.C^/p  (10) 

where  A/,  is  the  vapor  frequency  shift  in  hertz.  A/,  is  the 
coating  frequency  shift  in  kilohertz,  p  is  the  coating  density 
in  kilograms  per  liter  (grams  per  milliliter),  C,  is  the  vapor 
concentration  in  the  gas  phase  in  grams  per  liter,  and  K  is  the 
partition  coefficient.  ExperimenuJy,  A4  is  determined  when 
the  vapor-sensitive  coating  of  density  p  is  applied  to  the  bare 
SAW  device.  A/,  is  measured  when  the  sensor  is  exposed  to 
a  calibrated  vapor  stream  of  concentration  The  units  of 
grams  per  liter,  are  appropriate  since  dynamic  vapor 
streams  are  typically  prepared  by  diluting  a  measured  mass 
How  (grams  per  minute)  into  a  known  volumetric  flow  (liters 
per  minute)  of  carrier  gas  (30, 31).  These  units  are  also  easily 
converted  to  micrograms  per  liter,  which  is  equivalent  to  the 
international  standard  of  milligrams  per  cubic  meter  for 
gas-phase  concentrations.  Equation  10  provides  a  simple 
relationship  for  calculating  K  values  from  measurable  sensor 
characteristics.  The  relationship  is  independent  of  the  specific 
SAW  substrate,  having  no  dependence  on  SAW  device  fre¬ 
quency  (F)  or  piezoelectric  material  constants  (k,,  kj). 

The  assumptions  inherent  in  eq  10  are  that  the  SAW  device 
functions  as  a  mass  sensor  (mechanical  effects  are  negligible) 
and  that  the  observed  mass  change  is  due  to  partitioning  of 
the  vapor  between  the  gas  phase  and  the  stationary  phase 
coating.  In  this  regard,  the  equation  represents  a  solubility 
model,  i.e.  dissolution  of  the  solute  vapor  into  the  solvent 
stationary  phase.  One  additional  assumption  is  made  in  the 
substitution  of  the  reciprocal  of  the  stationary  phase  density, 
p,  for  V,/m,  in  eq  9.  The  variable  m,  is  the  mass  of  the 
stationary  phase,  whereas  V,  is  actually  the  volume  of  the 
stationary  phase  when  an  equilibrium  quantity  of  vapor  has 
been  absorbed.  This  volume  is  assumed  to  be  equal  to  the 
volume  of  the  stationary  phase  itself.  As  long  as  the  mass 
loading  of  the  stationary  phase  by  vapor  is  low,  as  it  will  be 
for  low  vapor  concentrations  or  weakly  sorbed  vapors,  this 
assumption  is  reasonable. 

Equation  10  is  related  (but  not  identical)  to  equations  in 
ref  22-24  which  describe  the  relevance  of  K  to  the  responses 
of  coated  BWP  crystal  detectors. 

EXPERIMENTAL  SECTIONS 

Materials,  Fluoropolyol  is  a  clear,  very  viscous  oligomeric 
msterial,  whose  repeat  unit  is  illustrated  in  Figure  2.  The 
fluoropolyol  used  in  these  studiea  was  provided  by  Dr.  Jim  Griffith 
of  thc.Naval  Research  Laboratory  Pdymcric  Materials  Branch. 
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Pigur*  3..  Seh«m«tle  dtagrarr.  of  a  1S8-MHz  dual  SAW  delay  Ine 
mounted  on  a  T04  atyta  packaga  with  wka-lMnded  aiectricai  con- 
necOons. 

These  types  of  matariala  art  prepared  by  nethoda  described  by 
0‘Rear  et  aL  (32).  The  density  of  fluoropolyol  was  measured  by 
usin(  a  bulb  with  a  calibrated  vertical  stem.  (Fluoropolyors  high 
viscosity  precluded  the  use  of  a  density  bottle  or  a  pycnometer 
tube.)  The  bulb  was  awighed  before  and  after  adding  fluoropolyol 
and  placed  in  a  thermoatated  bath.  The  results  ct  various  tein* 
peratures  are  as  follows  (T  (*C),  p  (g  mL*'):  A  1.6530;  40. 1.6322; 
60,  1.6044;  90,  1.5629.  The  glass  transition  temperature  of 
fluoropolyol  is  10  *C.  determined  by  DSC. 

The  liquid  solventa  ussd  to  generate  vapor  streams  were  com¬ 
mercial  matmials  of  greater  then  99%  purity,  except  diethyl  sulflde 
(98%,  Aldrich)  and  ditnathyl  methyiphoaphonata  (DMMP)  (97%, 
Aldrich).  *1110  solutes  used  in  the  GLC  measurements  were  also 
commercial  materials  used  as  received;  tha  GLC  method  does  not 
require  highly  purified  compounds. 

ISA-MHa  S  AW  Davioa.  The  158-MHz  dual  SAW  devices  used 
in  this  study,  shown  in  Figure  3  (Microsensor  Systems,  Inc., 
SD-15S-A)  were  fabricated  on  ST  cut  quartz  substrates  approx¬ 
imately  0.5  cm  square,  with  A1  interdigital  fingers.  The  entire 
surface  was  protected  with  cs.  200  A  of  silicon  dioxide.  The  input 
interdigital  transducar  for  each  SAW  device  consisted  of  75  pairs 
of  elsct^as  with  each  pair  repeated  at  20.Mm  intervals  (i.e.  an 
acoustic  wavelength  of  20  pm).  Tha  acoustic  spertura  was  70 
aravelengths  (Le.  0.1400  cm).  The  output  interdigital  transducer 
eras  spaced  10  aravelengths  (i.e.  0.0200  cm)  from  the  input 
transducer  and  consisted  of  100  pairs  of  electrodes  also  having 
each  pair  rapaated  at  20‘Ma  intervals.  The  edges  of  the  quartz 
substrate  beyond  the  ends  of  the  delay  lines  were  cut  5*  out  of 
parallel  arith  tha  IDT  flageta  to  sand  acoustic  reflactions  off-axis. 
This  chip  was  epoxied  onto  a  conventional  gold-plated,  12-pin, 
TO-8  style  inte^tad  circuit  package  and  elactri^  connections 
were  made  from  tha  SAW'  interdigital  electipdes  by  means  of 
ultrasonically  arelded  l-mil  goliTwirea.  After  one  delay  line  eras 
coated  arith-fluoropolyoL  tha  device  area  covered  and  sealed  by 
a  nickel-plated  lid  arith  two  ‘/iriA.  stainicas  steel  tubes  for  vapor 
flow. 

rf  Elactronics.  Tha  SAW  sensor  packages  arete  plugged  into 
Microaensar  Systems.  Inc..  RFM-1S8A  RF  electronics  modules. 
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circuitry  operates'  esc.S  delay  line  uf  the  dual  delay  line 
ilcvicm  as  a  rcMinnling  element  in  an  n«cillntnr  circtiit.  The 
frequendea  of  the  taro  oscillators  are  mixed  to  provide  a  low- 
frequency  difference  signal.  Twn  experimental  systems  were 
employed.  The  first  consisted  of  four  rf  electronics  modulaa.  a 
poorer  supply,  and  plumbing  connections  for  delivering  gas  to  the 
sensors  (Microoenaor  Systems.  Ine.,  SAS-I58A).  This  system 
outputs  the  difference  signals  of  each  of  the  rf  modules.  The 
second  system  containad  one  rf  electronics  module,  a  buffer  am¬ 
plifier.  and  a  poarer  supply  (Micioaenaor  Systems,  Inc.,  SPM- 
1S8A).  This  system  outputs  both  the  individual  delay  line  fre- 
quendta  and  their  difference  frequency. 

Vapor  Seneer  Coating.  Vapor  tensors  arere  prepared  by 
spraying  a  dilute  solution  of  fluoropolyol  in  chloroform  through 
a  mask  onto  one  delay  line  of  a  dual  delay  line  SAW  device.  The 
spray  aras  generated  with  an  airbrush  and  was  distributed  over 
the  entire  surface  of  the  delay  line,  including  tha  interdigital 
transducers  (IDT).  Tha  remaining  uncoated  delay  line  served 
as  a  rtfennee  sensor  to  provide  temperature  and  pressure  com- 
pmsatiwi.  During  coating,  the  oscillate  frequendea  of  both  the 
individual  dday  lines  and  their  difference  frequency  arere  mon- 
itond.  The  change  in  the  frequency  of  the  delay  line  (A/’J  provides 
a  Bsaasnia  of  the  amount  of  coating  applied  (7).  Two  sensors, 
labeled  A  and  B,  arere  prepared.  Sensor  A  had  228-kHz  fluoro¬ 
polyol  on  tha  coated  delay  line  and  5  kHz  on  the  reference  line, 
for  an  effective  coating  of  223  kHz  when  the  diflerence  frequency 
is  mooMoted.  Sensor  B  had  222  kHz  on  thk  coated  line  and  1 
kHz  on  the  reference,  for  an  effective  coating  of  221  kHz.  The 
awxage  Uackittaa  of  these  coatings  (e.g.  for  222  kHz)  calculated 
according  to  eq  3  is  40  nm,  using  values  of  -8.7  X  IQr*  and  -3.9 
X  lOr*  a*  s  kg'*  for  k  j  and  kj  on  ST  cut  quartz  (33).  Given  that 
the  area  of  tha  IDTs  and  the  space  between  them  is  0.052  cm*, 
this  correspoads  to  0.37  ag  of  material  on  the  active  surface. 

Vapor  Stream  Generation.  Vapor  etreams  for  tasting  tensors 
were  gent  rated  from  gravimetrically  calibrated  permeation  tubes 
or  gravimetrically  calibrated  bubblers  using  an  automated  va- 
per-generation  instrument  described  in  ref  3L  This  instrument 
generates  seiectad  vapor  streams,  dilutes  them,  and  delivers  a 
piagraiamable  flow  rate  of  either  clean  carrier  gas  or  the  diluted 
vapor  stream  to  the  sensor.  The  instrument  is  controlled  with 
an  Apple  lie  computer. 

For  these  studies  the  carrier  gas  eras  dry  air  delivered  to  tha 
sensor  at  snsbient  pressure.  Dimethyl  methyiphoaphonata  and 
Af/f-dimethylacetamide  vapor  streams  were  generated  by  using 
psrmraticn  Uibca  and  tha  tvmwning  vapee  streams  were  generated 
from  bubUcfaL  Vapor  streams  from  bubblers  vrete  diluted  to 
4-26%  of  saturation  prior  to  delivery  to  the  sensors.  The  flow 
rata  of  vapor  stream,  to  the  sensor  was  100  mL/min. 

Senear  Baaponso  Data  Collection.  FrequeiKy  measurements 
were  made  with  a  Phillips  PM6674  frequency  counter.  The  data 
were  tiansfined  over  an  IEEE-488  bus  to  an  Apple  Ila  computer. 
This  computer  was  in  communication  with  the  computer  con¬ 
trolling  the  vapor  stream  flows  so  that  data  collection  and  vapor 
stream  npaiationa  were  synchronized.  The  frequency  data  were 
collected  at  a  resolution  of  1  Hz.  The  tempersture  of  the  sensor 
was  monitottd  with  a  YSI  Model  44TC  Telethermometer  with 
a  Type  401  thermister  probe  placed  near  the  sensor  in  the  rf 
alactronim  asedule.  For  the  temperature-dependence  study,  the 
entire  four  ssnaor  system  was  placed  inside  a  machanical  con- 
voctwnowsn. 

In  a  typical  caperiment,  225  data  points  wera  collected  from 
each  sensor  at  6-s  intervals.  The  vspor  was  switched  on  at  point 
45.  off  at  point  75,  back  on  again  at  point  135,  and  off  again  at 
point  165.  The  base  line  waS  determined  by  averaging  the  ten 
peinta  prior  to  vapor  exposura  and  ten  points  wall  after  the 
exposure  (Le.  prior  to  the  next  exposure  or  prior  to  the  end  of 
the  eapoiimeiitj.  The  line  through  these  two  averages  is  the  base 
lina.  Tlw  lesponm  eras  determined  from  the  avera^  of  ten  points 
prior  to  knatfc  tha  vapor  oft  Base-line  drift  was  uauaOynegligibla 
but  was  aomatimaa  significant  when  monitoring  the  small  fre¬ 
quency  shifts  ohaerved  from  the  reference  delay  Ihm.  Bacauaa 
of  the  avemgiiig  proesdure  used  above,  reference  delay  lina  shifts 
nmy  not  be  exactly  the  same  as  the  differenea  between  the  dif- 
fstonee  ftaqusney  shift  aixl  the  coated  delay  lina  frequency  shift. 

Cae-Uquld  Chromatography  (GLC).  Fluorepolyol/gas 
partition  caafRcmls  rmre  determined  by  GLC  using  the  in- 
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T»bl»  I.  iof  Kuw  Viiluo*  for  Fluoropolycl 


typical  concn 
range,  /ig  L'' 

A,1 

DMMP 

29-137 

6.33 

Af,N-<iimethytaceUmide 

11-81 

6.37 

I'bufsnol 

1460-8730 

3.77 

2-buttnone 

25800-148000 

3.40 

water 

1210-7180 

3.37 

toluene 

9680-57300 

2.90 

diethyl  lulfide 

23600-137000 

2.77 

1,2-dichloroethane 

30500-176000 

2.52 

isooctane 

22000-129000 

2.15 

tensor,  data  set  std  dev 


A,2 

A,3 

11.1 

B.2 

A,4 

min 

max 

6.21 

6.22 

6.30 

6.28 

6.28 

0.09 

0.15 

6.21 

6.08 

6.18 

6.11 

6.13 

0.07 

0.15 

3.81 

3.80 

3.88 

3.81 

3.89 

0.02 

0.10 

3.34 

3.33 

3.41 

3.38 

3.44 

0.04 

0.09 

3.17 

2.97 

3.00 

3.30 

3.41 

0.06 

0.16 

2.82 

2.80 

2.95 

2.89 

2.90 

0.02 

0.09 

2.69 

2.66 

2.81 

'  2.72 

2.81 

0.02 

0.05 

2.46 

2.40 

2.53 

2.40 

Z44 

0.02 

0.09 

Z12 

2.03 

2.25 

2.08 

2.10 

0.05 

0.22 

FIgur*  4.  Rospons*  curv*  for  two  auccMStvo  axposurM  of  a  fKx>> 
ropolyot<oatad  SAW  sensor  to  A/.N-dknethylacetamkle  at  100  pg  L*' 
gas  phasa  concentration. 

atruisentation  and  methodology  in  ref  34.  (In  this  reference,  the 
Ostwald  coefficient,  denoted  with  an  L,  it  identical  with  the 
partition  coefficient  defined  here  in  eq  3.)  Fluoropolyol  (4% 
loading)  waa  supported  on  acid-waahed,  silanized,  Celite  Chro- 
moaorb  G.AW.DMCS  (Phase  Separationa  Ltd.)  in  a  l.S  m  long 
glasa  column.  "Absolute  K  values  for  a  aeries  of  alcohols  aa  standard 
solutes,  and  for  water,  were  determined  at  25  and  60  *C  by  using 
He  as  the  carrier  gas  and  a  thermal  conductivity  detector. 
C^Rections  were  made  for  pressure  drop  across  the  column  (see 
eq  4-6  in  ref  34)  and  for  gat  imperfections  (eq  7  in  ref  34). 
However,  the  latter  were  trivisL  Three  to  seven  determinations 
were  made  on  each  alcohol,  with  standard  deviations  in  log  K  of 
0.01  log  units  or  less.  Relative  K  values  were  then  determined 
for  a  variety  of  solutes  at  25  and  60  *C,  using  m'trogen  as  the  carrier 
gas  and  a  flame  ionization  detector.  Relative  K  values  were 
converted  to  absolute  K  values  by  using  the  known  absolute  K 
values  of  the  standard  solutes,  exactly  as  described  in  ref  34.  A 
complete  listing  of  K  values  will  appear  in  a  subsequent  publi* 
cation.  Values  for  those  vapors  also  used  to  teat  SAW  devices 
are  presented  below  in  the  results  section. 

RESULTS 

Under  a  stream  cf  dry  air,  the  delay  lines  of  the  dual  delay 
line  SAW  device  oscillate  at  their  base-line  values,  with  the 
frequency  of  the  coated  delay  line  being  lower  than  that  of 
the  reference  delay  line.  Exposure  to  air  containing  a  vapor 
which  is  sorbed  by  the  coating  causes  the  coated  delay  line 
frriquency  to  shift  to  a  lower  value.  Ideally,  the  reference  delay 
line  frequency  remains  unchanged,  and  the  difference  fre¬ 
quency  between  the  taro  delay  lines  increases.  This  increase 
is  taken  as  the  sensor’s  response,  and  as  a  measure  of 
vapor  sorption.  A  typical  response  curve  for  two  successive 
vapor  exposures  is  shown  in  Figure  4. 

Datasets  of  vapor  exposures  were  collected  by  exposing  the 
sensora  to  each  of  nine  vapors,  each  vapor  at  four  concen¬ 
trations,  each  concentration  repeated  four  times.  In  addition, 
dimethyl  methylphosphonate  (DMMP)  waa  repeated 
throughout  the  dataset  and  its  reproducibility  was  very  good. 
The  SAW  frequency  shifts  for  each  vapor  exposure  were  used 
to  calculate  partition  coefficients,  denoted  ffgAw.  according 
to  eq  10.  l^ese  were  converted  to  logarithms  and  the  16 
values  for  each  vapor  (or  ca.  100  for  DMMP)  were  averaged 
and  their  standard  deviation  determined. 

Three  datasets  for  sensor  A  and  two  for  sensor  B  were 
collected  over  a  period  of  3  months.  A  fourth  dataset  for 


sensor  A  was  collected  another  4  months  later.  The  tem¬ 
perature  was  35  2  *C.  The  sensor  responses  were  deter¬ 

mined  from  the  difference  frequencies  observed,  and  the  re¬ 
sulting  log  ffsAW  values  are  presented  in  Table  L  (A  fluo- 
ropolyol  density  of  1.64  g  mL*'  at  35  *C,  interpolated  from 
the  data  in  the  Experimental  Section,  was  used  for  the  cal¬ 
culations.)  The  last  two  columns  in  the  table  give  the  lowest 
and  highest  standard  deviations  (SD)  observed. 

The  six  average  log  /fgAw  values  for  each  vapor  are  generally 
consistent.  For  six  ol  the  nine  vapors,  the  difference  between 
the  highest  and  lowest  values  is  0.15  log  unit  or  leas.  A  var¬ 
iation  of  ±0.075  log  unit  in  log  Xs^w  conesponds  to  ±18% 
in  the  SAW  A/,  values.  For  comparison,  the  uncertainty  in 
the  vapor  concentrations  is  up  to  ±157*,  depending  on  the 
particular  concentration  generated  (31).  These  results  dem¬ 
onstrate  that  fluoropolyol-coated  SAW  sensors  can  be  fa¬ 
bricated  and  tested  reproducibly  and  that  the  responses  do 
not  change  over  a  period  of  months.  Previous  results  with 
fluoropolyol  on  112  MHz  dual  delay  line  SAW  devices  have 
shown  that  sensor  responses  are  similar  from  1  day  to  2 
months  after  coating  and  that  annealing  the  fluoropolyol  film 
at  110  *C  for  1  h  did  not  influence  its  performance  (i).  The 
vapor/coating  interactions  are  therefore  consistent  and  re¬ 
producible  and  fit  the  model  of  simple,  reversible  sorption. 

As  mentioned  above,  the  difference  frequency  represents 
sorption  into  the  coating  only  when  the  frequency  shift  of  the 
reference  delay  line  is  small  in  comparison.  The  reference  and 
coated  delay  lines  of  sensor  A  were  monitored  individually 
during  dataset  4  (also  the  difference  frequency,  as  usual). 
These  results  are  reported  in  detail  in  Table  II.  The  fre¬ 
quency  shifts  are  the  average  of  four  exposures  at  each  con¬ 
centration.  The  log  XsAw  values  determined  from  the  coated 
delay  line  are  very  close  to  those  determined  from  the  dif¬ 
ference  signal  in  nearly  all  cases,  in  accord  with  the  assumption 
above.  Thus,  a  ca.  200  Hz  shift  on  the  reference  delay  line 
is  negligible  compared  to  a  10000-20000  Hz  shift  on  the  coated 
delay  line  in  respcise  to  low  DMMP  concentrations.  However, 
the  reference  delay  line  is  not  truly  inert,  as  shown  by  the 
shifts  in  the  last  column.  ’These  shifts  become  significant  when 
the  shift  the  coated  delay  line  is  small,  e.g.  1000  Hz  or  less, 
as  is  observed  for  water  and  isooctane.  In  the  case  of  water, 
the  difference  signal  does  not  accurately  represent  the  behavior 
of  the  coated  delay  line.  Indeed,  the  absolute  value  of  the 
reference  delay  line  signal  is  greater  than  the  absolute  value 
of  the  coated  delay  line  signal  at  low  water  concentrations. 

The  reference  delay  line  shifts  are  not  monotonic  with  vapor 
c.  .icentration,  nor  are  the  .  positive,  shifts- often  observed 
consistent  with  simple  mass  loading  of  the  surface.  These 
signals  most  lilcely  are  caused  by  vapor  adsorption  onto  the 
glass  surface.  However,  further  interpretation  is  inappropriate 
because  the  glass  surface  has  not  bem  carefully  characterized 
and  it  is  slightly  cmitaminated  with  fluoropolyol.  Vapor  ad¬ 
sorption  onto  clean  quartz  SAW  surfaces  has  been  examined 
in  detail  by  Martin  et  aL  (13).  The  important  result  here  is 
that  while  reference  delay  line  effects  are  usually  negligible. 
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T*bl«  II.  Detailed  Reaponae  Data  for  a  (■'luorepalyol-Coatrfi  SAW  Vapar  Seaaor 


aignal  raonitored 


Jiffcreiice  frc^iucncy 

ctMilcd  deity  Unt 

ref  delay  line 

vapor 

conen,  af/L. 

av  Hx 

lOf  ffsAW 

avHs 

log  ffi*W 

svHx 

DMMP 

20 

8967 

6.52 

-8882 

6.51 

37 

46 

13723 

6.34 

-  13589 

6J3 

134 

74 

16826 

6.22 

-16681 

6.21 

147 

117 

19334 

6.08 

-19152 

6.07 

181 

Af,Ai-dimethyIaceUraide 

17 

5058 

6.33 

-4971 

6.32 

102 

40 

3094 

6.17 

-7946 

6.16 

143 

65 

10330 

6.07 

-10143 

6.05 

187 

102 

12254 

5.95 

-12027 

5.93 

218 

1-buUnol 

1460 

1623 

3.91 

-1450 

3.85 

181 

2200 

2189 

3.86 

-1997 

3.81 

192 

4300 

4542 

3.89 

-4313 

3.88 

231 

8.30 

9159 

3.89 

-8802 

3.86 

359 

2-butsnoas 

25800 

10894 

3.49 

-10558 

3.47 

297 

38700 

14324 

3.45 

-14497 

3.43 

323 

74800 

27532 

2.43 

-26861 

3.41 

670 

148000 

19866 

3.39 

-47403 

3.36 

2438 

.M,0 

1210 

591 

3.56 

CS.0 

• 

638 

1820 

68.7 

3.44 

-45 

2.16 

638 

3550 

1142 

3.37 

-472 

2.98 

670 

7180 

1882 

3.28 

-1196 

3.07 

689 

toluene 

9680 

951 

2.86 

-997 

2.87 

-44 

14500 

1394 

185 

-1486 

187 

-88 

28400 

3173 

2.91 

-3338 

193 

-178 

57300 

7726 

2.99 

-7261 

196 

466 

diethyl  lulfide 

23600 

2053 

2.81 

-1970 

178 

-53 

35400 

2800 

2.76 

-2801 

176 

-112 

68700 

5933 

2.80 

-5979 

180 

-125 

t 

137000 

14376 

2.89 

-12709 

182 

167.) 

1  .g-diehloroethsne 

30500 

928 

2.35 

-959 

135 

-27 

45700 

1449 

2.37 

-1521 

138 

-78 

03600 

3547 

2.48 

-3931 

150 

-282 

176000 

8800 

156 

-8824 

156 

-74 

isooctsne 

22000 

255 

1.93 

-330 

103 

-77 

33100 

379 

1.93 

-519 

105 

-146 

64300 

1163 

112 

-1409 

120 

-247 

129000 

4925 

145 

-3356 

127 

1570 

they  must  he  considered  when  the  coated  delay  line  signals 
are  smaU.  A  truly  inert  reference  would  afford  some  advan* 
tagea  in  sensor  performance  and  would  simplify  the  inter¬ 
pretation  of  vapor  sorption. 

The  data  in  Table  II  also  ill’jstrate  the  dependence  of  log 
on  gas  phase  vapor  concentration.  For  most  of  the 
vapors  the  calctilated  ifsAW  values  were  constant  over  the 
concentration  range  reported.  This  corresponds  to  a  linear 
sorption  isotherm,  aa  illustrated  for  1-butanol  in  Figure  5. 
The  number  next  to  each  data  point  is  the  corresponding  ffjAw 
value.  A  linear  sorption  isotherm  represents  ideal  solution 
behavior  and  is  classified  as  type  I  sorption  (35).  The  sorption 
isotherms  of  DMMP  and  Af  JV-dimethylacetamide  deviated 
significanty  from  linearity,  with  ffsAw  values  decreasing  with 
increasing  concentration.  These  results  are  illustrated  fo< 
DMMP  in  Figure  S.  This  plot  fits  the  form  of  t^-pe  11  sorption 
(25),  indicating  specific,  preferential  vapor/oligomer  inter¬ 
action  at  low  concentrations.  This  interaction  is  likely  to  be 
hydrogen  bond  formation  between  hydrogen  bond  donating 
(HBD)  hydroxyl  groups  on  the  fluoropoiyol  and  hydrogen 
bond  accepting  (HBA)  oxygen  atoms  on  the  vapor. 

The  influence  of  temperature  on  SAW  sensor  responses  and 
^SAw  values  was  determined  by  using  DMMP  as  the  teat 
vapor.  The  results  at  20  mC  DMMP  are  illustrated  in 
Figure  &  The  sensor  responsewdecreasa  exponentially  with 
increasing  tessperature;  iog  /fssw  values  decrease  linearly. 

Partition  coefficients  were  also  determined  independently 
by  GLC,  which  is  a  versatile  and  well-established  method  of 
making  such  raaasurementa.  These  partition  coeffidents, 
denoted  Kcic,  mfer  to  the  sohita  at  infinitely  dilute  concen- 
tratioa>  Fluoropoiyol  was  used  as  the  stationary  phase  at  2S' 


•  *•••  ••••  soas  -aaaa 

ceecxKTsaTiM  i|M/iiTtai 


ceeeneaaanM  <|Mnitfai 


Figure  S.  Sarpdes  IwSisnna  ior  Vbulanoi  and  OMSIP  on  fluorapotyoL 

*C  The  GLC  paeka  at  this  temperature  were  generally  broad 
and  in  tome  omee  pieciie  retention  volumee  (and  hence  Xclc) 
were  difficult  to  determine.  Therefore  26  values  were 
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Figur*  •.  Ta<np«rAlur«  dap^cdanca  tor  OMMP  (20  pg  L*'}  sorption 
into  ftuoropotyoL 


Table  III.  Canparison  of  log  Kjaw  and  log  fCcic  Values 


vspor 

log  Ksaw“ 

log  Kcic^ 

DMMP 

6.52 

7.53^ 

//..V-diintthyUcetsmide 

6.33 

7.2»' 

l-butonol 

3.83 

3.66 

2-butAnon« 

3.38 

3.48^ 

wsur 

3.20 

2.89 

toluene 

2.88 

2.64‘ 

diethyl  eulfide 

2.74 

2.54' 

1.2-dichloroc  thine 

2.46 

1.94‘ 

ieooctene 

Z12 

1.22 

‘Values  are  averages  of  those  in  Table  I,  eicepl  the  values  for 
OMMP  and  AfJV-diniethylacetainids  are  taken  from  Table  II  at 
the  lowest  concentrations  tested.  ‘At  35  *C.  'At  25  *C. 
‘Dctanninad  from  values  measured  at  60  *C  and  corrected  to  25 
*C  with  eq  11.  'Estimated  value  using  a  correlation  equation. 


detennined  at  both  25  and  60  *C,  and  the  following  correlation 
was  found  to  hold: 

log  h:cu:(25  'O  -  -0.728  +  1.470  log  ifetc  (60  ’C) 

(11) 

n  *  23.  SD  w  0.156,  r  =  0.986 

When  retention  timet  were  too  long  to  measure  at  25  *C,  eq 
11  and  the  measured  value  of  Kcic  af  60  ‘C  were  used  to 
estimate  the  value  of  fCcLC  *1  ^6  *C.  In  one  additional  case, 
diethyl  sulfide,  the  log  /fcic  estimated  from  correlations 
we  have  constructed  by  use  of  solvatochromic  parameters  (see 
below). 

The  log  f^CLC  values  are  reported  in  Table  III,  along  with 
log  /fgAW  values  for  comparison.  The  log  ifsAw  values  are 
averages  of  those  in  Table  I,  except  for  DMMP  and  NJV- 
dimethylacetamide.  In  these  two  cases,  the  values  reported 
are  for  the  lowest  concentrations  examined  in  order  to  be  more 
comparable  to  log  Kcix  at  infinite  dilution.  The  vapors  are 
listed  in  order  of  decreasing  log  KgAw- 

DISCUSSION 

The  order  of  decreasing  log  K  in  Table  III  is  identical  for 
the  SAW  and  GLC  measurements.  This  result  demonstrates 
that  relative  retention  times  for  various  vapors  on  a  GLC 
column  witlM  given  stationary  phase  should  be  a  reliable 
indicator  of  the  relative  sensitivities  of  a  similarly  coated  SAW 
device  to  these  vapors.  This  requires,  of  course,  that  the  GLC 
measurement  and  SAW  sensor  operation  be  at  similar  tern* 
perature. 


Beyond  this  qualitative  correlation,  the  values  of  log  A'^^w 
and  log  Aclc  fot  individual  vapors  are  not  always  in  precise 
Agreement.  The  log  Kjaw  values  for  the  most  strongly  sorbed 
vapors,  DMMP  and  NJV-dimethylacetamide,  are  1  log  unit 
less  than  the  log  Kcic  values,  indicating  that  the  frequency 
shifts  that  would  be  predicted  by  and  eq  10  srould  be 
to  times  higher  than  the  SAW  frequency  shifla  actually  ob¬ 
served.  Nevertheleaa,  the  Kcic  vaiuee  arc  correct  in  predicting 
that  fCjAW  values  for  these  two  vapors  should  be  very  much 
higher  thsn  those  for  all  the  other  vapors.  For  the  remaining 
vapors  ths  log  /fsAW  values  differ  from  the  log  /fete  values 
by  varying  amounts.  The  best  agreement  is  seen  for  1-butanol 
and  2-butsnone,  whera  the  log  /f  values  differ  by  (X17  and  0.10 
log  units,  respectively.  The  poorest  agreement  is  seen  for 
isooctsne,  where  the  log  K  values  differ  by  1  log  unit. 

Two  experimental  factors  that  are  expected  to  cause  if  saw 
and  Kcic  values  to  vary  from  one  another  arc  differences  in 
the  gas  phase  vapor  concentration  and  differences  in  mea¬ 
surement  temperature.  A  third  factor  that  may  cause  dif¬ 
ferences  is  the  assumption  in  eq  10  that  the  SAW  tensor 
response  is  based  on  mass  effects  alone;  if  mechanical  effects 
are  significant  for  a  particular  vapor/coating  interaction,  then 
the  calculated  log  ifsAW  value  will  be  inaccurate. 

Gas  phase  vapor  concentration  can  cause  differences  be¬ 
cause  the  GLC  measurement  refers  to  conditions  of  infinite 
dilution,  while  the  SAW  measurement  is  necessarily  carried 
out  at  finite  vapor  concentrations.  If  the  sorption  isotherm 
is  linear,  as  shown  for  1-butanol  in  Figure  5,  then  K  will  be 
independent  of  concentration  and  Ksiw  Kcic  should 
agree.  However,  a  curved  isotherm,  as  observed  for  DMMP, 
will  cause  Ksaw  and  Kcic  lo  differ.  Extrapolation  of  the 
DMMP  isotherm  to  lower  concentrations  shows  that  Kgj^w  will 
increaae,  which  would  give  better  agreement  with  the  Kcic 
measurement. 

The  influence  of  increasing  temperature  is  usually  to  cause 
partition  coeffleients  to  decrease.  Therefore  iCsAW  values  at 
35  "C  should  be  less  than  Kcic  values  at  25  "C.  While  this 
was  observed  for  DMMP  and  ^///-dimethylacetamide,  it  was 
not  true  for  all  the  remaining  vapors  and  caimot  fully  account 
for  differences  between  /Csaw  and  Kcic- 

Nevertheless,  the  temperature  effects  defined  experimen¬ 
tally  in  Figure  6  and  eq  11  axe  worth  examining  for  practical 
reasons.  The  results  demonstrate  that  precise  thermoatating 
of  a  SAW  tensor  to  fractions  of  a  degree  is  clearly  not  critical, 
but  variations  of  ten  degrees  may  influence  sensor  response 
and  reproducibility.  The  form  of  eq  11  demonstrates  that 
temperature  effects  will  be  largest  for  the  most  strongly  sorbed 
vapors.  For  example.  DMMP  sorption  with  log  Kcic  7-6 
at  25  *C  is  predict^  to  be  7.0  at  35  “C,  a  difference  of  0.5  log 
unit.  By  comparison,  a  log  /C  value  of  3.0  at  25  *C  becomes 
Z9  at  35  ‘C,  a  difference  of  only  0.1  log  unit.  Therefore 
inersBsing  temperature  redueea  selectivity  in  addition  to  the 
sensitivity. 

The  temperature  effect  and  the  overall  correlation  in  the 
Older  of  if  SAW  end /CcLc  values  are  consistent  with  the  sorption 
inodeL  Accordingly,  partition  coefficients  are  a  useful  concept 
for  interpreting  SAW  sensor  behavior  (6, 8),  and  a  more  de¬ 
tailed  consideration  of  the  factors  responsible  for  sorption  is 
warranted.  SiiKC  partitioning  represents  dissolution  of  a  solute 
vapor  into  the  solvent  stationary  phase,  solubility  interactions 
must  be  relevant  in  determining  sensor  responses  (5). 

The  order  of  the  partition  eeefndents  in  Table  II  provides 
a  simple  illustration  of  the  importance  of  vapor  solubility 
properties  ITje  lowest  K  vahiet  an  those  of  iaooctane,  a  solute 
that  is  not  dipolar  or  polarizable  and  cannot  form  hydrogen 
bonds.  Solutes  that  art  mon  pdhtfisable,  such  as  dichloro- 
ethana,  tohiena.  and  diathylsuifida.  have  greatarXvahiea  than 
isooctane.  However,  thesa  solutes  an  sUU  incamble  of  hy- 


/NAimCM.  CMEMISrRV.  VOL.  #0.  NO.  9.  MAY  1.  1988  •  ITS 


of  ihc  fuclon  eovernint  vapor  sorption  and  the  interactions 
occurring  between  specific  vapors  and  coatinc  aids  in  the 
design  of  useful  coating  materials. 
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drogen  bonviing.  The  top  of  the  li.st.  from  water  t.»  DMMI’. 
contains  eiclusively  those  solutes  that  can  accept  and/or 
donate  hydrogen  bonds. 

Ona  addilionni  fnctnr  influencing  vn|Mir  nnrptiun  in  the 
saturation  vapor  pressure  of  the  solute  vapor.  All  other  things 
being  equal,  lower  saturation  vapor  pressure  will  lead  to  longer 
retention  times  on  the  GLC.  higher  K  vnliiea,  and  higher  SAW 
sensor  response!  In  Tuble  III,  UMMI*.  N.N-dimcthytncct- 
amide,  and  2-butanone  are  all  hydrogen  bond  acceptors.  The 
K  values  for  the  lower  saturation  vapor  pressure  (ca.  1  Torr) 
vapote,  DMMP  and  A/,N-dunethylacetaioide,  are  much  higher 
thiui  those  for  2-butanone  (saturation  vapor  pressure  ca  100 
Torr). 

Solubility  interactions  can  be  placed  on  a  more  quantitative 
scale  by  the  use  of  solvatochromie  parameters,  which  describe 
the  dipolar  and  hydrogen  bonding  properties  of  the  solute 
vapoiB  (25-28).  Such  parameters  ara  available  for  a  wide  range 
of  vapors,  but  similar  parameters  are  not  yet  available  for  very 
many  coating  materialA  In  order  to  better  understand  va¬ 
por/coating  interactions,  it  will  be  necessary  to  also  chtrac- 
teriza  the  solubility  properties  of  the  etationery  phase  coatings. 
In  addition,  it  would  be  deeirable  to  be  able  to  predict  partition 
coefficients  for  any  vapor  with  any  cherae'erized  phase. 
Methodologies  to  accomplish  this  art  being  developed  using 
equations  of  the  general  form  shown  in  eq  12  (29). 

log  K  ■  constant  -f  +  aa  +  b0  +  I  log  V*  (12) 

In  this  equation,  tha  parameters  r*,  a,  0,  and  log  L** 
characterize  tha  solute  vapor,  v*  measures  the  ability  of  a 
compound  to  stabilize  a  neighboring  charge  or  dipole.  For 
nonprotonie,  aliphatic  aoluCea  with  a  single  dominant  dopole, 
r*  values  arc  approximately  proportional  to  molecular  dipole 
moment!  a  and  0  measure  solute  hydrogen  bond  donor 
acidity  and  hydrogen  bond  acceptor  basicity,  respectively.  O* 
is  the  Ostwald  solubility  coefficient  (partition  coefficient)  of 
the  solute  vapor  on  hexadecane  at  25  *C  and  provides  a 
measure  for  dispersion  interaction!  The  coefficients  s,  a,  b, 
and  I  are  determined  by  multiple  regression  analysis  and 
characteriza  the  stationary  phase.  For  example,  b,  os  the 
coefUdent  for  solute  hydrogen  bond  acceptor  basicity,  provides 
a  measure  of  the  stationary  phase  hydrogen  bond  donor 
acidity.  Foranyparticulor  stationary  phase/vapor  interaction, 
evaluation  of  the  individual  terms  (such  as  b0i  and  comparison 
of  their  magnitudes  allow  the  relative  strengths  of  various 
solubility  interactions  to  he  sotted  out  and  esamined. 

The  complex  structure  of  fluoropolyol  provides  an  inter¬ 
esting  test  case  for  these  method!  This  material  contains  a 
variety  of  functionalities  which  provide  polarizability,  dipo- 
larity,  hydrogen  bond  acceptor  sites,  and  hydrogen  bond  donor 
Bite!  But  the  structure  alone  does  not  allow  precise  predic¬ 
tions  of  which  interactions  will  be  moat  important  in  deter¬ 
mining  the  sorption  of  a  particular  vapor.  Full  characterization 
of  fluoropolyol  by  GLC  measurements  and  equations  of  the 
form  in  eq  12  is  in  progtesA  and  we  hope  to  report  on  this  work 
soon.  In  addition,  various  other  polymeric  stationary  phases 
that  have  been  useful  as  SAW  sensor  coatings  are  being  ex¬ 
amined.  Once  a  regression  equation  has  been  determined  for 
a  given  phase,  partition  coefficienta  can  be  predicted  for  any 
vapor  whoaa  aolvatocliromic  parameters  are  known. 

Ultimately,  it  wmuld  be  useful  to  be  able  Ui  predict  SAW 
vapor  sensor  reaponaea  by  using  partition  ooefflcients  and  eq 
10.  Although  this  cannot  yet  be  done  on  e  strict  quantitive 
baaiA  it  is  clear  that  the  sorption  model  and  partition  coef¬ 
ficients  provide  the  beat  available  firat  approximation  for 
estimating  SA.W  reaponiSA  Tlieaa  methods  can  provide  useful 
guidance  in  the  aelection  end  use  of  coating  meterieia  for 
apediic  sensing  application!  In  addition,  an  underatanding 


a 
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Aberdeea  Fraring  Ground.  MD.  the  U.S.  Naval  Surface 
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Technology. 
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ABSTRACT 


Surface  acoustic  wave  devices  coated  with  a 
thin  Clm  of  a  sutionaiy  phase  sense  chemical  vapors 
in  the  gas  phase  by  detecting  the  mass  of  the  vafKtr 
which  distributes  into  the  stationary  phase.  This 
distribution  can  be  described  by  a  partition 
coeffidenc  An  eqtution  is  presented  which  allows 
partiu'on  coeSidents  to  be  ^culated  from  SAW 
vapor  sensor  frequency  shifts,  and  results  are 
presented  for  nine  vapors  into  SAW  coating 
"Quoropotyol*.  Partition  coefGdents  have  ^so  been 
determined  independently  by  GLC  and  the  results  are 
in  good  agreement.  The  relationship  between  SAW 
frequency  shifts  and  partition  coeffidents  allows 
SAW  sensor  responses  to  be  prediaed  if  the  partiu'on 
coeffident  has  Men  measured  by  GLC  or  if  it  can  be 
estimated  by  various  correlation  methods  being 
developed. 

INTRODUCTION 


Surface  acoustic  wave  (SAW)  devices  have  been 
investigated  by  several  VPUps  for  sensing  chemical 
vapors  in  the  gas  phase  ***^.  The  frequency  of  a 
SAW  device  in  an  oscillator  drcuit  is  measurably 
altered  by  small  changes  in  mass  or  elastic  modulus 
at  the  surface.  Vapor  sensitivity  is  typically 
achieved  by  coating  the  device  surface  with  a  thin 
film  of  a  stationary  phase  which  will  selectively 
absorb  and  concentrate  the  target  vapor.  Vapor 
sorption  increases  the  mass  of  the  surface  film  and  a 
shift  in  the  oscillator  {f^ency  is  observed.  SAW 
devices  have  the  potenual  to  be  adapted  to  a  variety 
of  gas  phase  anal^'cal  problems  ^  strategic  design 
or  selection  of  coating  material.  Full  realization  of 
this  potential  will  retniire  methods  to  quantify, 
understand,  and  finally  to  predict  the  vapor/coating 
interactions  responsible  for  vapor  sorption. 


Sorption  of  ambient  vapor  into  the  SA  W  device 
coating  until  equilibrium  is  reached  represents  a 
partitioning  of  the  solute  vapor  between  the  gas 
*phase  and  the  stationary  phase.  This  process  is 


illustrated  in  Figure  1.  The  distribution  can  be 
Quantified  by  a  partition  coefficient,  1C  which  gives 
the  ratio  of  the  concentration  of  the  vapor  in  the 
stationary  phase,  Cj.  to  the  concentration  of  the 
vapor  in  ti^'  vapor  phase,  Cy  (equation  1). 

K--^  (1) 

C» 

An  elation  is  derived  herein  which  allows  K  to  be 
calculated  directlyfrom  observed  SAW  vapor  sensor 
frequency  shifts.  This  conversion  provides  a 
standardized  method  of  normalizing  empirical  SAW 
data,  and  does  so  in  a  way  that  prondes  Wormation 
about  the  vapor/coating  equilibrium. 

In  this  investigation,  we  examine  the  stationary 
phase  referred  to  as  "fluoropolyor,  whose  structure 
IS  shown  in  Figure  Z  SAW  va^r  sensors  coated 
with  this  soft,  poiyrneric  material  have  high  sensi¬ 
tivity  to  certain  toxic  vapors^.  Partition  coeffidents 
have  been  determined  tor  nine  vapors  using  SAW 
sensor  frequency  shifts.  In  addition,  partition 
coeffidents  for  the  same  vapors  into  fluoropolyol 
were  determined  independently  by  gas-liquid 
chromatographic  (GLC)  measurements.  The  values 
resulting  from  these  two  different  techniques  are  in 
good  agreement. 

These  results  demonstrate  that  the  mechanism 
of  action  of  a  coated  SAW  device  is  the  same  as 
that  of  GLQ  Le.,  reversible  absorption  of  the  vapor 
in  the  gas  phase  into  the  stationary  phase.  This 
confirms  tne  solubilift  model  for  the  interaction  of 
vapors  with  the  SAW  coating;  Le.,  the  solute  vapor 
dissolves  and  distributes  into  the  solvent  stationary 
phase.  Finally,  the  correlation  between  SAW  vapor 
sensor  responses  and  GLC  partition  coeffidents 
creates  a  means  for  predictmg  SAW  sensor  behavior. 
Thus,  if  GLC  partition  coeffidents  are  available  from 
experimental  measurement,  or  can  be  reliably 
predicted,  then  SAW  vapor  sensor  responses  can  also 
be  piredicted. 
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Figure  1.  Dutributioa  of  vapor  between  gas  phase 
and  stationary  phase. 
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Figure  2.  Fluoropolyol  structure. 


EQUATION  RELATING  SAW  FREQUENCY 
SHIFT  TO  THE  PARTITION  COEFFIQENT 

The  change  in  oscillator  frequency  observed 
when  the  mass  on  the  surface  of  the  SAW  i^vice 
increases  can  be  described  by  equation  (2).° 

Af  ■  (ki  +  k2)f^^ 


A 

Af  is  the  frequency  change;  m  is  the  mass  increase; 
k}  and  k2  are  material  constants  for  the 
piezoelectric  substrate;  {q  is  the  unperturbed 
resonant  frequency  of  the  device;  and  A  b  the  active 
sensing  area.  It  can  be  derived  that  the  frequency 
shift  f  Afy)  caused  by  the  mass  of  vapor  absorbed 
into  tne  sutionary  phase  coated  on  a  SAW  device  is 
related  to  the  partition  coefTidenl  (K)  by  equation 

(3). 


Afj  Cy  K 

Afy  -  - 

0 


(3) 


Afy  is  obtained  in  Hz  when  Af;  (the  frequency  shift 
caused  by  the  mass  of  the  stationary  phase  applied 
to  the  d^ce)  is  expressed  in  KHz,  Cy  (vapor 
concentration  in  the  pas  phase)  is  in  g  liter' L  and 
0  (stationary  phase  density)  is  in  gmL'‘.  The 
principal  assumption  inherent  in  equation  (3)  is  that 
the  SAW  device  functions  as  a  mass  ^nsor  only, 
mechanical  effects  being  negUgible.”  In  addition,  it 
is  assumed  that  mass  loading  of  the  coaling  by  vapor 
is  low,  since  high  mass  loading  would  cause  the 
"  coaling  density  to  change. 


PARTmON  COEFnOEim  DETERMINED 
FROM  SAW  vapor  SENSOR 
FREQUENCY  SHIFTS 

SAW  vapor  senson  were  prepared  by  spray 
coa^  one  del^  line  of  a  dual  delay  line  SAW 
device  with  a  dilute  solutitm  of  Ouoropolyol,  as  has 
been  deaciibed  previotohr.  The  fluoropolyol  coating 
causes  the  freouency  of  the  device  to  change  by  an 
amonat  Afj.  which  provides  a  measure  of  the 
amoontoir  coating  material  applied.  These  sensors 
were  tested  against  vapon  by  alternately  exposing 
theoilD dean  air  or  a  caUbrated  vapor  stream  usmg 
an  aasatnated  vapw-generaflon  instrument  described 
in  reference  ^e  change  in  the  frequency 
observed  when  the  gas  over  the  sensor  was  changed 
from  dean  air  to  vapor  gives  the  frequency  shift 
caused  by  the  vapor.  For  reliable  measurements  of 
K,  tins  shift  must  be  determined  only  after  the 
sensor  has  reached  a  stable,  equilibrium  response 
IcveL 


Partition  coeffidents  were  calculated  from  the 
observed  frequency  shifts  (Afy)  using  eouation  (3). 
These  values  will  m  referred  to  as  partition 

coefScients  and  denoted  Ks>^\yr.  Each  sensor  was 
exposed  to  each  vapor  at  a  nunimum  of  two  di^erent 
coDceairations  (usually  four,  sometimes  seven 
different  concentrations)  and  at  least  four  exposes 
at  each  concentrau'on.  A  SAW  partition  coetficient 
was  caknlated  for  each  vapor  exposure,  and  these 
vahieswere  converted  to  logarithms,  llien,  all  the 
log  KgAW  values  for  each  vapor  on  a  particular 
sensor  were  averaged.  Finally,  the  results  from  all 
senson  were  averaged  and  are  reported  in  Table  1. 
These  results  represents  nearly  900  measurements  of 
SAW  frequency  shifts. 


Table  L  Log  Kg^W  Loj  KCLC  Values 


Vapon 

LogKsAW* 

lorKglc’’ 

DMMP 

5.77 

7i3C 

Dimethylaeetainide 

5.65 

729« 

l-Butaool 

324 

3.66 

2-ButaoMia 

3.15 

3.48' 

Water 

2.88 

Z89, 

Diethyl  Sulfide 

2.78 

2J4<» 

Tolueae 

Z69 

Z64C 

1,2'Dtchloroethane 

2J9 

1.94c 

Isooctaoe 

1.97 

122 

*  These  values  are  averages  from  sensors  described 
.  inthetext. 

At2980K. 

‘  Desennined  from  values  measured  at  333°K  and 
coirected  to  298®K  with  equation  (4). 

°  Estiaiaied  value  using  a  correlation  equation. 


Three  sensors  were  examined  in  this  stutN. 

One  13  MHz  SAW  device  was  coated  with  20/  KHz 
of  fluorapolyol  and  tested  against  vapors  one  week 
later.  Two  1 12  MHz  devices  were  coated  with  106 
and  IM  lOlz,  respectively,  and  were  tested  both  one 
day  and  two  months  after  coating.  Reproducibility 
was  good  and  iging  appeared  to  have  little  effect. 
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Data  from  device  to  device  showed  some  systematic 
variation,  wUcb  could  be  most  easily  flamed  by 
errors  in  the  measurement  of  the  coating  material 
applied.  However,  the  actual  source  of  the  variation 
is  not  definitely  known. 

PARTITION  COEFnOENTS  MEASURED 
BY  GAS-UQUID  CHROMATOGRAPHY 

Partition  coefficients  for  a  wide  variety  of 
solute  vapors  were  determined  by  gas-liquid 
cbomatograpfay  with  fluoropolyoi  as  the  stationary 

fbase,  using  methods  descrioen  in  reference  IZ 
artition  coeffidenis  as  defined  in  eouation  (1)  are 
actually  identical  to  the  Ostwald  solubilin 
coeffiaents  usually  denoted  as  L  We  will  use  the 
symbol  K,  and  refer  to  GLC  partition  coefficients  as 
J^LC- 

GLC  peaks  on  the  fluoropolyoi  were  generally 
broad,  especially  at  298°K.  Therefore,  26  Rnt  p 
values  were  determined  at  both  298‘^K  and  and 
the  following  correlation  was  found  to  bold: 

logKGLC(298K)  -  ^728 +1.470  log  Kglc(333K) 

n  •  26,  sd-ai56.r- 0.986  (4) 


When  retention  times  were  too  long  to  meastu-e  at 
298°1C  equation  (41  and  the  measured  value  of  Kqix: 
at  333°K  were  used  to  estimate  the  value  of 
at  298°K.  Equation  (4)  shows  that  thermostattine  a 
SAW  sensor  to  fractions  of  a  degree  is  not  critical. 
However,  changes  of  5  to  10  degrees  (e.g.  due  to 
varying  ambient  conditions)  will  become  significant, 
especially  for  solutes  with  large  KoLC- 

Log  KqXjC  log^SAW  values  for  tune  solute 
vapors  are  compared  in  Tame  1,  with  the  v^rs  in 
order  of  decreasing  log  K^w-  All  of  the  GLC 
values  refer  to  298vK,  either  by  direct  measuremeitt, 
or  via  equation  (4)  as  described  above.  In  one 
addiuonal  case,  diethyl  sulfide,  the  log  K<3lc  value 
was  estimated  from  various  correlations  we  have 
constructed  using  solvatochromic  parameters.  With 
the  exception  of  this  estimated  value,  the  order  of 
decreasing  log  K  values  is  identical  for  the  SAW  and 
GLC  measurements.  Indeed,  there  is  good  agreement 
between  all  but  the  highest  Log  K  values,  such  that 
the  SAW  sensor  frequency  shifts  could  be  estimated 
using  K{31jC  s^slues  and  equation  (3). 

DISCUSSION 


The  experimental  conditions  for  measuring 
partition  coemdents  with  a  SAW  device  are 
somewhat  different  than  those  for  GLC  measure¬ 
ments.  SAW  measurements,  for  instance,  are  carried 
out  at  finite  vapor  concentrations  while  the  GLC 
measurement  usually  refers  to  infinite  dilution.  In 
addition,  the  SAW  measurements  reported  here  were 
conduned  at  ambient  temperatures,  while  the  GLC 
measurements  were  rigorously  thermostated.  Finally, 
the  calculation  of  Kg^W  assumes  that  the  vapor 
causes  the  sensor  to  re^nd  based  on  mass  effects 
alone;  if  mecham'cal  effects  become  significant  for  a 
particular  vapor/coating  interaction,  then  the 
■calculated  Kgy^w  vdll  m  altered  proportionately. 


One  or  more  of  the  above  factors  may  be  responsible 
for  differences  in  the  precise  values  of  log 
and  log  KgLC  4hown  in  Table  1. 

The  overall  correlation  observed  dearly  shows 
that  partition  coeffidents  are  a  useful  concept  for 
thinking  about  SAW  sensor  behavior  (see  also 
references  3  and  7).  Indeed,  the  calculation  of 
Kg  A  w  values  by  equation  (3)  provides  a  standardized 
method  of  normalizing  empiric  SAW  data  which  also 
provides  information  about  the  magnitude  of  the 
vapor/coating  interaction.  We  nave  previously 
normalized  our  data  by  dividing  the  sensor  response 
by  the  ppm  of  vapor  in  the  gas  phase  and  the  1^ 
of  coating.  Normalization  to  yield  a  partition 
coeffident,  KgAW  very  similar,  and  reimires  only 
that  the  vapor  concentrauon  be  expressed  in  g 
liter*,  anci  that  the  density  of  the  stationary  phase 
coating  be  factored  out,  according  to  equation  (3). 

The  experimental  correlation  between  I^lG 
I^SAW  demonstrates  that  relative  retention  timesmr 
vanous  vapors  on  a  GLC  column  with  a  given 
stationary  phase  should  be  a  reliable  indicator  of  the 
relative  sensitivityof  a  similarly  coated  SAW  sensor 
to  these  vapors.  This  reruires,  of  course,  that  the 
GLC  measurement  and  ^W  device  operau'on  be  at 
the  same  temperature.  On  a  more  quantiutive  level, 
if  absolute  K<3LC  values  are  determined,  then 
estimates  for  actual  SAW  sensor  frequency  shifts  can 
be  made  using  equation  (3).  Finally,  a  dear 
relationship  between  SAW  sensor  responses  and  KoLC 
values  means  that  methods  developeo  to  predict 
KgLC  values  will  also  be  useful  in  prediaing  SAW 
sensor  responses. 

A  simple  examination  of  the  order  of  the 
partition  coeffidents  determined  in  this  study 
illustrates  the  importance  of  solubility  properties 
(Table  1).  The  lowest  K  values  are  those  of 
isooctane,  a  solute  which  is  not  dipolar  or 
polarizable,  and  which  cannot  accept  or  donate 
nydrogen  bonds.  Solutes  which  are  more  polarizable, 
such  as  dichloroethane,  toluene,  and  diethyl  sulfide 
have  greater  K  values  than  isooctane.  However, 
these  solutes  are  still  incapable  of  hydrogen  bonding. 
The  top  of  the  list  contains  exdusively  those  solutes 
which  can  accept  and/or  donate  h^rogen  bonds. 

Vapor  sorpu'on  is  also  influenced  oy  tlw  saturation 
vapor  pressure,  P®v.  of  the  solute  vapor,  with  lower 
pOy  giving  larger  partition  coeffidents  (for  example, 
DMMP). 

Solubility  imeractions  can  be  placed  on  a  more 
quantitative  s^e  by  the  use  of  solvatochromic 
parameters  (13).  Such  parameters  are  available  for  a 
wide  range  of  vapois  wnich  may  act  as  solutes  in  a 
vapor/coating  interaction.  Untortunately,  similar 
parameters  are  oot  yet  available  for  a  wide  range  of 
coating  materials.  The  challenges,  therefore,  are  to 
develop  methods  to  characterize  the  solubility 
properties  of  station^  phases,  and  ultimately  to  be 
able  to  predict  partition  coeffidents  for  ai^  vapor 
with  any  characterized  phase.  This  work  is  in 
progress,  and  equations  of  the  general  form  shown  in 
m  are  teing  used  to  predict  log  KqlC  values  for 
fluoropolyoC  and  for  various  other  stationary  phases 
which  have  been  useful  as  SAW  device  coatings^. 
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logKciX  *  constant  >  s**  *  aa 

ix  (5) 

♦  bfl  ♦  I  log L'® 

The  variables  a*,  o,  8 .  and  log  describe 
tbe  solubility  properties  of  the  vapor.  «  *  is  the 
dipolarity /polarizability;  a  is  tbe  hydrogen  bond 
donor  acidity;  ais  the  hydrogen  bond  acceptor 
basidty;  log  measures  the  tendency  to  partition 
into  beudecane.  Coefficients  s,  a,  b.  and  1  describe 
the  stationary  phase.  For  example,  b.  as  the 
coefficieot  for  vapor  a.  measures  the  hydrogen 
bond  donor  acidity  of  tbe  stationary  phase.  Once 
the  coefficients  have  been  determined  for  a 
particular  sutionary  phase,  then  it  will  be  possible 
to  predict  K  valuerfor  all  vapon  for  which  x*, 
a  ,  a.  and  log  are  known.  Then,  via  equation 

(3),  it  will  be  possible  to  predia  the  responses  of  a 
SAW  vapor  sensor  to  these  same  vapors. 

Finally,  specific  vapor/coating  interactions  may 
sometimes  encountered  where  mass  effects  alone 
do  not  adequately  account  for  SAW  sensor  response. 
Mechanical  effects  will  be  implicated  in  such  cases, 
but  have  been  difficult  to  estimate  thus  far.  Using 
equation  (3)  and  a  measured  (GLQ  or  prediacd 
(equation  (S)  K  value,  it  is  now  possible  to  calculate 
the  mass  on^  SAW  frequency  shifts,  and  to  estimate 
the  mechanical  frequency  shift  from  the  difference 
between  the  observed  frequency  shift  and  the  mass- 
only  frequency  shift. 
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KEY 


y~  30  pii  dry  air 
To  «onl 

^  To  vacuum 
— >'>  Diraetion  of  flow 

Solenoid  valv*  under 
direct  computer  control 

Slave  or  bypass  solenoid 
*  valve  controlled  by  logic 
circuit 

-)•  Needle  valve 
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solid  circles  in  Fig.  2  and  open  to  allow  flow  through  the  carrier  gas  loop 
when  none  of  the  bubblers  are  opened.  The  flow  rate  of  the  carrier  gas  is 
regulated  by  a  4-200  ml/min  air  mass  flow  controller  (FC200).  The  bubblers 
themselves  are  constructed  of  6%  inch  lengths  of  2  inct»  O.D.  stainless  steel 
pipe,  with  1/8  inch  thick  stainless  steel  discs  (2  inch  diameter)  welded  to 
the  ends.  The  top  end  of  each  has  1/8  inch  stainless  steel  tubing  welded  into 
inlet  and  outlet  holes.  The  inlet  tube  extends  to  1/2  inch  from  the  bottom 
and  the  outlet  tube  is  flush  with  the  inside  of  the  top. 
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The  permeation  tube  box  generates  a  vapor  stream  by  directing  the 
carrier  gas  past  one  of  four  permeation  devices.  These  devices  are  closed 
tubes  containing  a  liquid  chemical,  which  permeates  out  through  a  plastic 
barrier  and  is  swept  into  the  carrier  gas  [2].  The  permeation  tubes  are  con¬ 
tained  within  chambers  constructed  of  4  inch  hex  long  nipples  (1/2  inch 
male  pipe  size)  fitted  with  hex  reducing  couplings  and  male  connectors  on 
the  ends*.  Each  such  assembly  is  housed  in  a  Dewar  flask  and  maintained 
at  constant  temperature  by  a  heating  tape  and  thermocouple. 

The  flow  system  within  the  permeation  tube  box  is  similar  to  that  of 
the  bubbler  box.  Each  permeation  tube  is  isolated  by  a  pair  of  solenoid 
valves,  bypass  valves  allow  flow  through  the  carrier  gas  loop  when  no 
permeation  tube  is  open,  and  the  carrier  gas  flow  is  regulated  by  a  4  -  200 
ml/min  mass  flow  controller  (FC200).  However,  a  second  paralle*  flow 
system  is  also  present  so  that  the  permeation  tube  chambers  can  be  flushed 
to  vent  when  they  are  not  being  used  to  generate  a  vapor  stream  for  sensor 
testing.  The  flushing  process  assures  stable  permeation  ntes  by  preventing 
the  buildup  of  high  concentrations  of  vapor  within  the  permeation  tube 
chamber  and  maintaining  a  stable  concentration  gradient  across  the  plastic 
barrier  of  the  permeation  device. 

The  dilution  box  contains  an  arrangement  of  tubing  junctions  and 
solenoid  valves,  which  mixes  various  gas  streams  and  delivers  a  gas  stream  to 
the  sensor  at  point  F  in  Fig.  2,  The  output  to  the  sensor  can  be  either  clean 
carrier  gas  or  a  vapor  stream,  and  can  be  switched  between  the  two  by 
opening  and  closing  solenoid  valves  in  carefully  planned  sequences.  Any  gas 
streams  not  being  used  as  part  of  the  output  are  vented  to  a  hood. 

Clean  carrier  gas  flow  within  the  dilution  box  is  regulated  by  two 
10  -  500  ml/min  mass  flow  controllers.  This  gas  proceeds  to  the  sensor  output 
at  F  via  points  C,  D  and  E.  Clean  carrier  gas  is  used  to  output  clean  air,  or  it 
is  mixed  with  a  vapor  stream  at  point  D  to  output  a  dfluted  vapor  stream. 
Initial  vapor  streams  (i.e.,  prior  to  their  dilution)  are  supplied  by  the  bubbler 
and  permeation  tube  boxes  and  by  a  third  optional  input.  These  can  be  used 
singly  or  mixed,  and  proceed  to  the  sensor  via  points  A,  B,  D  and  £.  The 
configuration  of  solenoid  valves  in  the  dilution  box  is  such  that  the  vapor 
stream  arriving  at  point  B  cannot  be  diluted  without  sending  it  to  the  output 
at  the  same  time. 

The  dilution  box  also  contains  the  flow  reduction  system,  which  will 
be  explained  separately  below.  Its  function  is  to  maintain  the  output  to  the 
sensor  at  a  constant  flow  rate,  regardless  of  the  total  flow  of  gas  required  to 
generate  the  chosen  vapor  concentration. 

Solenoid  valve  control 

The  solenoid  valves  in  the  vapor  flow  system  are  controlled  in  two  dif¬ 
ferent  fashions,  depending  on  their  function.  Those  valves  depicted  in  Fig.  2 


*Som«  eommtrcial  ptrmeation  tubai  come  equipped  wiUi  take  fiuines  end  can  be 
incorporated  into  the  system  by  means  of  a  simple  T  junction. 


Precise  concentrations  of  individual  vapors  can  be  generated  by  a 
variety  of  techniques  [1).  Dynamic  methods  that  involve  the  addition  of 
calibrated  amounts  of  vapor  to  a  flowing  stream  of  carrier  gas  are  generally 
preferred  over  static  methods,  particularly  for  very  dilute  vapors.  Dynamic 
methods  minimize  the  effects  of  wall  adsorption  on  calibration  accuracy, 
and  a  wide  range  of  concentrations  can  be  prepared  by  simple  manipulation 
of  the  gas  flow  rates. 

The  instrument  reported  here  is  unique  in  its  ability  to  generate 
dynamic  gas  streams  of  a  number  of  vapors  (Le.,  12)  from  either  neat  chemi¬ 
cal  liquid  bubblers  or  calibrated  permeation  tubes  [2].  Moreover,  mixtures 
of  low  concentration  target  vapors  derived  from  permeation  tubes  (typically 
1  - 100  mg/m^)  and  high  concentration  interference  vapors  derived  from 
bubblers  (typically  100  - 100  000  mg/m^)  are  easily  prepared.  The  gas  stream 
output  of  the  instrument  can  be  switched  (under  computer  control)  between 
the  generated  vapor  stream  and  clean  air  so  that  the  zero  drift  and 
reversibility  of  the  sensor  can  be  readily  observed.  Finally,  the  flow  rate  of 
the  gas  being  output  to  the  sensor  is  regulated  to  a  constant  value,  regardless 
of  the  carrier  gas  flow  rates  required  to  perform  the  desired  dilution.  This 
unusual  capability  is  accomplished  using  a  servo-controlled  piezoelectric 
valve  to  divert  all  vapor  flow  in  excess  of  the  amount  programmed  to  be 
output  to  the  sensor. 

Instrument  operations  are  carried  out  under  the  control  of  a  micro¬ 
computer,  and  carrier  gas  flow  rates  are  metered  using  electronic  mass  flow 
regulators,  llie  fully  automated  character  of  this  instrument  affords  many 
advantages  including  unattended  operation  during  long  sequences  of  tests, 
reduced  operator  exposure  to  toxic  chemicals,  and  improved  measurement 
precision.  This  system  is  designed  to  meet  the  requirements  of  a  complete 
chemical  vapor  sensor  research  and  development  program. 


)  2.  Description  of  the  instrument 

I  Microcomputer  interfacing 

!  The  vapor-generation  and  sensor-evaluation  instrument  consists  of  a 

vapor  flow  system  to  generate  and  deliver  vapor  streams  to  the  sensor(s), 
and  an  Apple  lie  microcomputer  to  control  and  monitor  the  vapor  flow 
j  system.  The  microcomputer  also  collects  and  stores  data  from  the  sensor(s)*. 

j  The  overall  system  is  shown  schematically  in  Fig.  1 . 

The  microcomputer  is  interfaced  with  the  vapor-generation  system  and 
sensors  by  means  of  four  I/O  boards.  The  IEEE-448  I/O  board  collects  data 
from  a  frequency  counter,  which  measures  signals  from  surface  acoustic 
wave  (SAW)  sensors  [3,  4].  This  particular  I/O  board>adds  great  versatility 


j  »  *  Alternatively,  tensor  data  can  be  collected  by  a  second  microcomputer  in 

communication  with  the  first.  This  configuration  it  preferred  when  data  mutt  be  col¬ 
lected  from  multiple  tensors  simultaneously. 

I 
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Fig.  1.  System  interfacing  diagram  for  the  vapor-generation  instrument. 


to  the  instrument,  because  other  measuring  devices  such  as  electrometers  can 
also  be  interfaced  via  the  IEEE-488  bus.  Signals  from  many  types  of  sensors 
can  therefore  be  easily  monitored.  Alternatively,  data  from  any  sensor  or 
sensor  system  whose  output  is  a  voltage  (e.g.,  a  chemizesistor  system  [5]) 
can  be  collected  using  the  analog  to  digital  I/O  board.  This  board  is  also  used 
to  monitor'  carrier  gas  and  vapor  stream  flow  rates.  Automated  control  of  the 
vapor  flow  system  is  achieved  using  a  digital  I/O  board,  which  commands 
solenoid  valves  open  or  closed,  and  a  digital  to  analog  I/O  board,  which 
commands  mass  flow  controllers  to  deliver  precise  flow  rates  of  carrier  gas. 

Vepor  flow  system 

The  vapor  flow  system  is  contained  in  three  boxes:  the  bubbler  box, 
the  permeation  tube  box  and  the  dilution  box.  The  bubbler  and  permeation 
tube  boxes  are  used  to  generate  vapor  streams.  The  dilution  box  performs 
several  functions:  vapor  streams  are  selected  from  one  or  more  inputs, 
e.g.,  from  the  bubbler  and/or  permeation  tube  boxes;  the  vapor  stream  or 
mixture  is  diluted;  either  clean  carrier  gas  or  diluted  vapor  stream  is  output 
to  the  sensor.  In  addition,  a  flow  reduction  system  within  the  dilution  box 
regulates  the  flow  rate  of  gas  output  to  the  sensor.  The  details  of  the  vapor 
flow  system  are  shown  schematically  in  Fig.  2.  The  plumbing  is  constructed 
using  1/8  inch  stainless  steel  tubing  and  stainless  steel  Swagelok  fittings. 

The  bubbler  box  generates  a  vapor  stream  by  bubbling  a  controlled 
flow  rate  of  carrier  gas  through  a  neat  chemical  liquid.  Eight  different  liquids 
are  contained  in  separate  bubblers,  each  of  which  is  isolated  from  the  carrier 
gas  loop  by  a  pair  of  solenoid  valves.  When  a  particuCir  bubbler  is  chosen 
as  the  vapor-source,  its  pair  of  solenoid  valves  opens,  and  all  other  bubbler 
valves  and  the  bypass  valves  remain  closed.  The  bypass  valves  are  depicted  as 
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with  open  circles  are  turned  on  (opened)  at  the  command  of  signals  sent  by 
the  digital  I/O  board  in  the  microcomputer.  These  valves  are  used  to  select 
vapor  sources  and  gas  streams  to  be  sent  toward  the  sensor.  They  can  be 
individually  opened  by  an  operator  at  the  computer  keyboard  or  by  state¬ 
ments  in  the  software  used  to  operate  the  instrument  automatically. 

Those  solenoid  valves  depicted  by  solid  circles  in  Fig.  2  cannot  be 
controlled  directly  by  either  the  computer  keyboard  or  software.  Instead, 
they  are  controlled  by  logic  circuits  in  each  box,  which  read  the  control 
signals  going  to  the  open  circle  valves  in  that  box  and  decide  on  the  proper 
operation  of  the  corresponding  solid  circle  valves.  For  example,  the  bubbler 
box  contains  a  pair  of  bypass  valves  depicted  by  solid  circles.  The  associated 
logic  circuit  has  eight  inputs,  one  for  each  bubbler,  and  functions  as  an  eight- 
input  NOR  gate.  The  output  of  this  gate  commands  the  bypass  valves.  If 
any  of  the  bubblers  are  open,  the  bypass  is  closed;  if  no  bubblers  are  open, 
the  bypass  opens.  Similar  four-input  NOR  gates  control  the  bypasses  in  the 
permeation  tube  box. 

The  solenoid  valves  in  the  dilution  box  are  arranged  in  master/slave 
pairs  on  T  junctions.  The  master  valves  are  depicted  with  open  circles  and 
the  slave  valves  are  depicted  with  solid  circles  in  Fig.  2.  The  gas  flow  coming 
into  a  T  junction  will  exit  via  either  the  slave  valve  (to  a  vent)  or  the  master 
valve  (toward  the  sensor),  depending  on  which  is  open.  The  logic  circuit  in 
the  dilution  box  commands  the  slave  valve  to  be  open  when  the  master  valve 
is  closed,  and  vice  versa.  The  circuit  functions  by  inverting  each  control 
signal  for  a  master  valve  and  using  the  inverted  signal  to  control  the  cor¬ 
responding  slave  valve. 

Designing  the  vapor  flow  system  with  bypass  and  slave  valves  auto¬ 
matically  controlled  by  logic  circuits  assures  that  an  open  flow  path  from 
each  flow  controller  to  either  the  sensor  or  a  vent  is  always  maintained. 
This  avoids  no-flow  conditions  in  the  flow  controllers,  and  continually 
flushes  clean  carrier  gas  through  any  part  of  the  system  not  currently  being 
used  to  generate  a  vapor  stream.  Automatic  operation  of  these  valves  by 
hardware  allows  the  operator  or  programmer  to  be  concerned  only  with 
those  valves  leading  toward  the  sensor. 

The  solenoid  valves  (Precision  Dynamics,  New  Britain,  CT)  are  normally 
closed  valves  with  Kalrez  seals  on  the  plungers  and  ethylene  propylene 
rubber  (EPR)  0-rings*.  These  valves  are  powered  by  115  VAC,  which  is 
switched  on  and  off  by  optically-coupled  solid-state  relays.  The  relays  are 
commanded  by  the  TTL  digital  signals  discussed  above. 

Afoss  flow  controllers 

The  carrier  gas  is  supplied  to  the  vapor  flow  system  as  dry  air  at  30  psi. 
The  pressure  of'lhis  gas  is  reduced  and  its  flow  regulated  by  means  of  air 
mass  flow  controllers  (Tylan,  Carson,  CA).  These  devices  contain  an  air  mass 


•Some  vapors  cause  standard  seal  and  0-rinf  materiab  to  swell,  which  can  impair 
valve  function. 
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flow  sensor  and  an  electronically  actuated  needle  valve.  The  mass  flow 
controller  is  commanded  to  a  particular  flow  rate  by  an  0  •  5  V  analog:  signal, 
which  is  proportional  to  the  desired  flow  rate  and  the  range  of  the  flow 
controller.  For  example,  a  3.0  V  control  signal  to  a  PC500  commands  a 
30C  ml/min  flow  rate.  Control  signals  are  generated  by  the  digital  to  analog 
I/O  board  in  the  microcomputer  at  the  command  of  an  operator  at  the  key¬ 
board  or  by  software.  The  mass  flow  controllers  also  generate  a  0  •  5  V 
analog  signal  proportional  to  the  actual  flow  rate  measured  by  their  air  mass 
flow  sensor,  liiese  signals  are  read  by  the  analog  to  digital  I/O  board. 

Flow  reduction  system 

The  flow  reduction  system  is  contained  in  the  dilution  box  and  consists 
consists  of  a  T  junction  (labeled  E  in  Fig.  2),  a  precision  piezoelectric  gas 
leak  valve  (Vacuum  Accessories  Corp.,  Bohemia,  NY),  an  air  mass  flow  meter 
(FM200)  and  an  analog  control  circuit.  This  system  divides  the  total  mixed 
gas  flow  arriving  at  junction  E  into  two  paths.  The  path  from  point  E  to  F 
through  the  flow  meter  delivers  gas  to  the  sensor.  The  other  path  leads  to  the 
gas  leak  valve,  which  bleeds  the  remaining  flow  into  vacuum.  The  degree  to 
which  the  gas  leak  valve  opens  is  governed  by  a  0  - 100  V  control  signal 
commanded  automatically  by  the  analog  circuit.  This  circuit  determines  the 
control  signal  for  the  gas  leak  valve  by  comparing  the  signal  generated  by 
the  mass  flow  meter  (FM200)  with  a  0  -  5  V  analog  control  signal  firom 
the  microcomputer  (via  the  digital  to  analog  conversion  I/O  board).  If,  for 
instance,  the  flow  rate  to  the  sensor  being  measured  by  the  flow  meter  is 
greater  than  the  flow  being  commanded  by  the  microcomputer,  then  the  gas 
leak  valve  begins  to  opdn  more.  This  diverts  more  gas  flow  into  vacuum, 
and  results  in  a  reduced  flow  rate  though  the  flow  meter.  The  flow  meter 
output  signal  starts  going  down.  When  it  matches  the  control  signal  from  the 
microcomputer,  the  0-100  V  command  signal  to  the  gas  leak  valve  stops 
increasing  and  the  gas  leak  valve  opening  remains  steady  at  the  position 
that  maintains  the  commanded  flow  rate  through  the  flow  meter. 


3.  Instrument  operation 
Automated  sensor  evaluation 

The  overall  purpose  of  this  instrument  is  to  evaluate  sensor  behavior 
under  clean  air  and  under  various  vapor  streams.  For  each  vapor,  the  sensor 
must  first  be  observed  under  clean  air  to  determine  its  baseline  drift. 
Secondly,  the  sensor  is  observed  under  a  vapor  stream^  to  determine  its 
response.  Finally,  the  sensor  is  observed  under  clean  air  again  to  determine 
its  recovery.  ITsually  this  Cycle  is  repeated  to  determine  reproducibility, 
-end  for  each  vapor  it  is  desirable  to  observe  response  under  a  range  of  con¬ 
centrations.  The  specific  solenoid  valve  operations  necessary  to  switch  the 
instrument  between  clean  air  and  vapor  stream  output  will  be  described 
separately  from  the  overall  process  of  testing  sensors. 
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Sensor  testing  is  normally  carried  out  using  two  BASIC  programs 
written  specifically  for  this  instrument.  These  programs  are  outlined  in 
Table  1.  Many  instrument  functions  can  be  accessed  directly  by  commands 
entered  at  the  computer  keyboard,  but  this  is  mainly  useful  for  instrument 
check  out.  Sensor  testing  requires  keeping  track  of  numerous  instrument 
functions  at  once,  and  this  is  most  reliably  accomplished  with  the  aid  of 
software. 

TABLE  1 

Software  for  seruor  testing 


Program  1 

1.  Update  vapor  source  mass  flow  rates. 

2.  Calculate  menus  of  concentration  choices  fee  each  vapor. 

3.  User  selects  vapor  Concentrations  to  be  gencsaled. 

4.  Text  file  stored  on  disk  for  each  selection. 


Program  2 

1.  Flush  flow  system,  output  clean  air. 

2.  Read  first  text  Hie. 

3.  Generate  and  equilibrate  vapor  stream,  output  clean  air. 

4.  Test  sensor,  output  clean  air.  then  vapor,  then  air. 

3.  Store  data  on  dUk. 

6.  More  experiments? 

No  —  Flush  flow  system,  output  clean  air,  end. 

Yes  —  Read  next  text  file. 

7.  Is  the  next  vapor  different? 

No  —  Adjust  dilution  air,  loop  to  step  4. 

Yes  —  Flush  flow  system,  loop  to  step  3. 


The  first  BASIC  program  helps  the  user  to  plan  the  sensor  exposure 
experiments.  The  mass  flow  of  vapor  that  each ,  installed  vapor  source 
generates  is  displayed  and  can  be  updated.  This  information  is  combined 
with  information  on  the  dilution  capabilities  of  the  instrument  in  order  to 
produce  menus  of  possible  vapor  concentrations.  A  separate  menu  is  created 
for  each  vapor.  The  user  then  selects  vapors  and  concentrations  in  the  order 
that  the  sensor  is  to  be  exposed  to  them. 

Once  the  user  has  completed  his  selections,  the  program  oegins  storing 
text  files  on  disk.  Each  of  these  text  fiiks  contains  an  array  of  variables 
that  will  command  the  vapor  flow  system  to  generate  the  chosen  vapor 
stream  at  the  chosen  concentration.  Specifically,  the  values  ot  these  variables 
dictate  which  solenoid  valves  will  be  opened  to  generate  the  chosen  vapor 
stream,  and  what  flow  rates  the  mass  flow  controllers  will  set  in  order  to 
dilute  to  the  chosen  concentration.  In  addition,  certain  variables  indicate 
which  solenoid  valves  must  be  opened  and  shut  when  t{>e  vapor  flow  system 
output  is  switched  between  clean  air  and  vapor. 

After  the  user  has  selected  vapors  and  concentrations  and  stored  text 
files  on  disk  using  program  1,  sensor  testing  can  proceed  using  program  2. 
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This  program  operates  the  instrument  and  perforn;s  the  experiments  (Le., 
vapor/concentration)  contained  in  the  text  files.  The  program  begins  opera¬ 
tion  by  opening  solenoid  valves  in  a  configuration  that  will  flush  the  entire 
system  (excluding  individual  bubblers)  with  clean  air.  The  initial  instrument 
output  is  also  utean  air.  The  first  text  file  is  read  and  the  chosen  vapor  stream 
is  generated  and  sent  to  vent.  The  program  does  not  begin  a  sensor  testing 
sequence  until  the  vapor  stream  has  equUibrated  fur  twenty  minutes.  Then 
sensor  data  collection  begins  and  the  instrument  output  is  switched  between 
clean  air  and  vapor  stream  at  programmed  interval^.  The  results  are  displayed 
graphically  on  the  computer  monitor.  At  the  completion  of  the  experiment, 
the  test  conditions  and  the  sensor  response  data  are  stored  on  disk,  the 
graphics  are  dumped  to  t.'  "nter,  and  the  next  text  file  is  read  &om  disk. 
If  ^e  next  vapor  is  differe;  .  irom  that  of  the  previous  exr«!riment,  the  s;  s- 
tem  is  flushed  with  clean  air  for  ten  minutes  before  generating  and 
equilibrating  the  new  vapor  stream.  If  the  next  vapor  is  the  same  but  at  a 
different  concentration,  then  the  flow  rates  are  adjusted  for  the  new  con¬ 
centration  and  the  experiment  proceeds.  The  cycle  of  reading  the  experi¬ 
ment  from  disk,  performing  the  experiment  and  saving  the  data  on  disk  is 
repeated  until  all  the  experiments  have  been  completed.  The  system  is  then 
flushed  with  clean  air  until  the  operator  shuts  it  down. 


Clean  air  and  vapor  output  operations 

Following  the  detailed  switching  operations  of  the  vapor  flow  system 
will  require  reference  to  Fig.  2.  All  solenoid  valves  depicted  by  open  circles 
should  be  assumed  to  be  closed  unless  indicated  otherwise,  with  the  bypass 
and  slave  valves  operating  automatically.  The  flow  controllers  are  delivering 
a  commanded  flow  rate  of  air  to  their  respective  carrier  gas  pathways,  and 
the  flow  reduction  system  is  automatically  main'.  Jning  the  output  of  the 
dilution  box  at  the  commanded  flow  rate. 

(1)  Vapor  stream  generation.  When  a  particular  bubbler  contains  the 
chosen  vapor,  its  corresponding  pair  of  solenoid  valves  is  opened.  The  carrier 
gas  passes  through  the  bubbler  and  delivers  the  resulting  vapor  stream  to  a 
T  junction  in  the  dilution  box.  The  master  solenoid  valve  on  this  T  junction 
is  opened  so  that  the  vapor  stream  proceeds  through  junctions  at  A  and  B 
and  exits  to  vent  via  the  slave  valve  on  junction  B.  This  configuration  is 
maintained  for  at  least  twenty  minutes  to  equiiibtate  the  vapor  source  and 
tubing  wall  stirfaces  and  achieve  a  stable,  reproducible  mass  flow  of  vapor. 
A  vapor  stream  is  generated  this  way  when  the  first  text  file  is  read.  The 
bubbler  (or  other  vapor  source)  is  not  closed  again  until  a  subsequent  text 
file  that  requires  a  different  vapor  is  read. 

(2)  Set  up  dilution  and  output  clean  air.  Most  of  the  time  the  output 
of  this  instrument  is  clean  air,  which  comes  from  one  or  both  of  the  FC300s 
in  the  dilution  box.  Ail  of  this  air  proceeds  via  junctions  C  and  D  to  E.  The 
flow  reduction  system  then  sends  the  commanded  amount  to  the  output  at 
F  and  diverts  the  rest  via  the  gas  leak  valve.  When  a  text  file  is  read,  the  flow 


182 


1  I 

I 

i 


I 


I 

I 


of  air  from  the  FC500  is  adjusted  to  the  levels  that  will  be  required  when 
the  vapor  stream  is  diluted  and  output. 

(3)  Switch  to  vapor  stream  output.  The  vapor  stream  U  output  or 
‘switched  on’  by  opening  the  master  valve  at  junction  B.  This  stream 
proceeds  via  D  and  E  to  the  output  at  F,  possibly  mixing  with  dilution  air  at 
D.  If  the  vapor  stream  is  not  to  be  diluted  at  D,  then  the  master  valve  on 
junction  C  is  closed  at  the  same  time  that  the  master  valve  on  junction  B  is 
opened.  Switching  solenoid  valves  open  and  closed  at  C  and  D  clearly  has  the 
potential  to  change  the  total  volumetric  flow  rate  arriving  at  junction  £  in 
the  flow  reduction  system.  Such  a  change  would  force  the  f.ow  reduction 
system  to  adjust  the  opening  of  the  gas  leak  valve  in  order  to  maintain  the 
constant  commanded  output  flow  rate.  However,  such  adjustment  can  be 
avoided  by  simultaneously  reducing  the  clean  air  flow  when  the  vapor 
stream  flow  is  switched  on,  as  outlined  below. 

When  the  vapor  stream  is  to  be  output  in  undiluted  form,  the  air  used 
for  clean  air  output  comes  entirely  from  the  FC500  closest  to  junction  C. 
(The  master  solenoid  closest  to  the  farther  FC500  is  closed  and  its  flow 
exits  to  a  vent.)  The  flow  rate  of  this  air  has  been  set  to  match  the  flow  race 
of  the  vapor  stream  arriving  at  B  (and  exiting  to  vent).  Clean  air  output  is 
switched  to  undiluted  vapor  stream  output  by  opening  the  master  valve  at 
B  and  closing  the  master  valve  at  C.  The  flow  rate  arriving  at  E  is  unchanged 
and  the  flow  reduction  system  makes  no  adjustments. 

If  the  vapor  stream  is  to  be  diluted,  but  with  less  than  500  ml/min  of 
air,  then  the  FC500  farthest  from  C  is  set  to  match  the  vapor  stream  flow 
rate.  The  FC500  closest  to  C  is  set  to  provide  all  the  air  required  to  dilute 
the  vapor  stream  to  the  chosen  concentration.  During  clean  air  output  the  air 
from  both  FCSOOs  proceeds  from  C  to  E.  When  the  vapor  is  switched  on,  the 
flow  from  the  FC500  farthest  from  C  is  switched  oi .  (to  vent)  by  closing  its 
master  solenoid  valve.  The  flow  rate  arriving  at  E  is  tl  erefore  unchanged. 

When  the  vapor  stream  is  diluted  with  greater  than  500  ml/min  of  air, 
then  the  combined  flow  rate  from  both  the  FC500  flow  controllers  is  set 
to  the  flow  of  air  needed  for  the  dilution.  This  flow  always  proceeds  from  C 
via  D  to  E.  Clean  air  is  switched  to  dilute  vapor  stream  by  simply  opening 
the  master  valve  at  B.  The  flow  reduction  system  must  readjust  the  gas  leak 
valve  in  this  case  because  this  switching  mechanism  increases  the  flow  rate 
arriving  at  E.  However,  this  flow  rate  increase  is  small  compared  to  the 
amount  of  dilution  air  flow  already  being  diverted  by  the  flow  reduction 
system,  and  the  required  adjustment  in  the  gas  leak  valve  is  minor. 

(4)  Switch  back  to  clean  air  output.  To  return  the  system  to  c.ean  air 
output,  the  solenoid  valves  are  simply  returned  to  their  configuration  prior 
to  switching  the  vapor  stream  on.  This  requires  closing  the  master  solenoid  at 
B  and  possibly  opening  another  solenoid  valve  to  compensate  with  more  air 
flow.  Note  that  switching  the  output  between  clean  air  and  vapor  while  a 
sensor  is  being  tested  is  accomplished  solely  by  the  ppening  and  closing  of 
solenoid  valves.  The  commands  to  the  mass  flow  controllers  are  not  changed 
during  the  ebur-e  of  an  experiment. 
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(5)  Change  vapor  or  concentration  for  the  next  experiment.  If  the 
vapor  for  the  next  experiment  is  the  same  but  at  a  different  concentration, 
then  the  commanded  flow  rates  to  the  flow  controllers  are  changed  to 
provide  the  required  dilution.  The  next  experiment  can  then  proceed.  If  the 
vapor  is  to  be  changed,  then  the  previous  vapor  source  is  closed  and  the 
system  is  flushed  for  ten  minutes  before  opening  and  equilibrating  the  next 
va.ior  stream. 


4.  Instrument  precision  and  range 
Vapor  concentrations 

The  concentrations  of  the  vapor  streams  output  by  the  instrument  are 
calculated  by  dividing  the  vapor  mass  flow  rate  by  the  total  volumetric  flow 
rate  of  the  gas  containing  the  vapor; 

vapor  mass  flow  rate 

concentration  =• -  (1) 

total  volumetric  flow  rate 

The  uncertainty  in  the  vapor  concentrations  therefore  depends  on  the 
uncertainties  in  the  vapor  mass  flow  rates  and  the  volumetric  flow  rates  of 
carrier  gas. 

The  mass  flow  rate  of  a  permeation  tube  is  dependent  on  the  area, 
thickness,  and  material  of  the  permeation  barrier,  and  is  independent 
of  the  carrier  gas  flow  rate.  These  devices  are  conveniently  calibrated  by 
determining  their  mass  loss  as  a  function  of  time  at  the  thermostatted 
temperature.  Successive  determinations  on  Teflon  permeation  tubes 
produced  in-house  gave  uncertainties  of  less  than  10%.  Commercial  permea¬ 
tion  tubes  purchased  already  calibrated  are  rated  at  5%  uncertainty. 

The  mass  flow  rate  of  a  bubbler  depends  on  the  vapor  pressure  of  the 
liquid,  the  degree  to  which  the  carrier  gas  becomes  saturated  with  the  vapor 
and  the  flow  rate  of  the  carrier  gas.  The  use  of  electronic  mass  flow 
controllers  in  this  instrument  assures  that  the  carrier  gas  flow  rate  will  be 
constant  regardless  of  changes  in  downstream  flow  conditions.  The  degree  of 
saturation  depends  on  the  efficiency  of  the  bubbler  and  the  amount  of  liquid 
it  contains.  These  variables  can  be  controlled  by  good  bubbler  design  and 
maintenance. 

Bubblers  were  calibrated  by  passing  their  effluent  into  a  charcoal 
filter  to  trap  the  vapor  quantitatively,  and  measuring  the  mass  increase 
of  the  trap.  This  procedure  was  carried  out  with  the  b  ibblers  installed  in  the 
instrument  at  ambient  temperatures  with  a  carrier  gas  flow  rate  of  39 
ml/min.  Mass  flow  rates  were  stable  after  fifteen  minutes  of  bubbling. 
Successive  determinations  resulted  in  mass  flow  rates  with  uncertainties  of 
less  than  6%. 

It  should  be  noted  that  simply  estimating  the  mass  flow  rate  of  a 
bubbler  from  published  vapor  pressures  and  the  ideal  gas  law  is  unreliable. 
Such  estimates  can  vary  from  gravimethcally  determined  values  by  as  much 
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as  30%.  Estimated  values  were  sometimes  less  than  gravimetric  values, 
indicating  that  the  difference  between  observed  and  estimated  values  is  not 
due  to  a  failure  to  saturate  the  carrier  gas. 

The  total  volumetric  flow  rate  of  the  gas  containing  the  vapor  is  equal 
to  the  sura  of  the  carrier  gas  flow  rates  of  those  flow  controllers  contributing 
to  the  total  flow,  plus  the  volume  of  the  vapor  itself.  For  dilute  vapor 
streams,  the  volume  of  the  vapor  is  negligible.  The  uncertainty  in  the  carrier 
gas  flow  rate  is  then  determined  by  the  flow  controllers,  which  are  accurate 
to  1%  of  full-scale  flow,  e.g.,  5  ml/min  for  an  FC500  (and  repeatable  to  0.2% 
of  full  scale).  The  percentage  uncertainty  in  total  flow  of  carrier  gas  is, 
therefore,  the  least  when  the  number  of  flow  controllers  contributing  to  the 
total  flow  is  minimized  and  when  low-flow  conditions  are  avoided  through 
any  of  those  flow  controllers  (especially  FCSOOs). 

Clearly,  the  uncertainty  in  the  total  volumetric  flow  rate  will  vary 
depending  on  the  particular  dilution  being  performed.  When  a  given  con¬ 
centration  can  be  achieved  by  more  than  one  method  of  dilution,  the  most 
precise  method  is  used.  For  example,  diluting  the  mass  flow  from  a  permea¬ 
tion  tttbe  with  an  increasing  amount  of  volumetric  flow  from  the  permeation 
tube  FC200  (up  to  200  ml/min)  is  more  precise  than  diluting  39  ml/min 
of  flow  from  the  permeation  tube  box  with  additional  volumetric  flow 
from  an  FCoOO  in  the  dilution  box. 

As  noted  earlier,  vapor/concentration  experiments  are  planned  by  the 
user  with  the  help  of  program  1.  This  program  provides  the  user  with  menus 
of  concentration  choices  for  each  vapor.  Each  choice  represents  a  particular 
procedure  for  diluting  the  vapor  stream,  which  was  designed  to  accomplish 
the  dilution  in  the  most  precise  manner  available.  One  set  of  procedures  was 
developed  for  diluting  mass  flow  from  permeation  tubes,  and  a  different  set 
of  procedures  was  developed  for  bubblers.  For  any  particular  permeation 
tube,  for  instance,  the  mass  flow  of  that  permeation  tube  is  divided  by  the 
total  flow  of  carrier  gas  generated  by  each  dilution  procedure,  and  this 
produces  the  menu  of  concentrations.  Table  2  provides  an  example  of  the 
dilution  information  associated  with  selected  menu  choices  for  permeation 
tubes.  An  actual  menu  would  include  a  column  of  vapor  concentrations 
calculated  according  to  eqn.  (1). 

Sixteen  menu  choices  are  available  for  permeation  tubes,  each  choice 
being  approximately  80%  of  the  concentration  of  the  choice  before  it. 
These  range  from  the  concentration  of  an  initial  vapor  stream,  which  enters 
the  dilution  box  and  is  output  to  the  sensor  with  no  further  dilution,  to  the 
most  dilute  stream  the  instrument  can  produce.  Concentrations  relative  to 
that  of  an  initial  vapor  stream  are  given  in  the  Fractional  concentration 
column.  The  instrument  can  dilute  permeation  tube  vapor  streams  to  3.3% 
of  their  initial  concentration.  The  uncertainty  in  the  total  volumetric  flow 
rate  is  the  greatest  (5%)  for  an  undiluted  vapor  stream  and  least  (1%)  at 
maximum  dilution.  The  uncertainty  in  the  output  vapor  concentration 
calculated  according  to  eqn.  (1)  is  *he  sum  of  the  mass  flow  rate  uncertainty 
(5  - 10%)  and  the  total  volumetric  flow  rate  uncertainty  (1  -  5%).  Permeation 
tube  vapor  stream  concentrations  are  therefore  known  to  ±6  to  15%. 
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TABLE  2 

Selected  permeation  tube  dilution  menu  choicer 


Menu 
choice  # 


Flow  controller  How  rates 
(ml/min) 

FC200®  FC500  FC500 


Total  eolumetrie  Fractional 

How  rate*  concentration** 

(ml/min) 


1  39  ±2  0<* 

»  46  t  2  0 

I  77  ±  2  0 

i  195  ±  2  0 

I  200  i  2  254  t  5 

;  200  i  2  500  t  5 


0 

39  ±5.1% 

1.000 

0 

48  ±  4.1% 

0.805 

0 

77  ±  2.6% 

0.509 

0 

19511.0% 

0.200 

0 

454  ±  1.5% 

0.086 

500  t  5 

120011.0% 

0.033 

•The  turn  of  the  volumetric  flow  rates  from  all  contrihutinf  flow  controllers. 

•Fractional  concentratior  relative  to  the  concentration  when  the  mass  flow  is  carried  by 
39  ml/min  of  carrier  gas. 

•FC200  in  the  permeation  tube  box.  Flow  from  the  FC200  in  the  bubbler  box  is  not 
used  to  dilute  permeation  tube  vapors. 

**  Zeros  indicate  that  this  flow  controller  does  not  contribute  flow  or  uncertainty  to  the 
total  flow. 


The  bubbler  menu  is  set  up  similarly.  However,  the  maximum  dilution 
for  a  bubbler  is  somewhat  less,  because  the  carrier  gas  flow  in  the  bubbler 
must  be  constant  to  deliver  a  constant  mass  flow  of  vapor.  Therefore,  the 
FC200  in  the  bubbler  box  always  contributes  39  ml/min  of  carrier  gas, 
and  ail  further  dilution  flow  comes  from  the  FCSOOs.  The  maximum  dilution 
is  into  1039  ml/min  of  carrier  gas,  giving  a  fractional  concentration  of  only 
0.038  relative  to  the  concentration  of  the  initial  bubbler  vapor  stream. 

The  uncertainty  in  the  total  volumetric  flow  rate  is  5%  for  undiluted 
bubbler  vapor  stream,  and  then  increases  sharply  when  volumetric  flow  from 
an  FC500  is  added  to  the  39  ml/min  from  the  FC200.  The  menu  does  not 
allow  the  user  to  choose  concentrations  with  high  uncertainties.  The  first 
diluted  choice  given  is  to  40%  of  the  initial  vapor  stream,  with  an  un¬ 
certainty  of  7%,  the  largest  uncertainty  of  any  choice  on  either  menu.  The 
uncertainty  is  below  5%  for  bubbler  dilution  choices  below  25%  of  the  initial 
concentration,  and  is  near  1%  at  maximum  dilution.  Combining  the  6% 
uncertainty  in  the  bubbler  mass  flow  rates  with  the  1  -  7%  uncertainties 
in  volumetric  flow  rates  gives  concentrations  (eqn.  (1))  known  to  ±7  to  13%. 

However,  bubbler  vapor  streams  are  not  always  so  dilute  that  the  total 
volumetric  flow  rate  of  gas  containing  the  vapor  can  be  determined  simply 
from  the  volumetric  flow  rate  of  the  carrier  gas.  The  volume  of  the  vapor 
itself  must  be  considered  for  volatile  liquids  whose  vapor  is  not  diluted  by  a 
large  volume  of  carrier  gas.  For  example,  isooctane  with  a  gravimetrically- 
determined  mass  flow  ratc'of  0.014  g/min  wiil  contribute  a  volumetric  flow 
*^ate  of  3  ml/min  at  25  "C  and  1  atm,  based  on  an  ideal  gas  law  conversion. 
Addition  of  3  ml/min  to  the  39  ml/min  of  carrier  gas  of  an  undiluted  vapor 
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stream  gives  a  total  volumetric  flow  rate  of  42  ml/min.  The  calculated  vapor 
concentration  is  8%  too  high  if  the  vapor  volumetric  flow  is  not  added  to 
the  carrier  gas  volumetric  flow  in  the  denominator  of  eqn.  (1). 

Flow  reduction  system 

The  flow  reduction  system  takes  the  diluted  vapor  stream  and  splits 
the  volumetric  flow  into  two  paths,  one  of  which  goes  to  the  sensor.  This 
process  does  not  change  the  concentration  of  the  vapor  stream  or  the 
precision  with  which  it  is  known.  The  accuracy  of  the  volumetric  flowrate 
output  to  the  sensor  is  dependent  on  a  number  of  factors,  including  the 
accuracy  of  the  flow  measurement  by  the  mass  flow  meter  (FM200,  ±2 
ml/min)  and  minor  uncorrected  offsets  in  the  analog  circuit  that  controls 
the  system.  In  practice,  actual  flow  rate  output  is  generally  within  5%  of  the 
commanded  output,  39  ml/min. 

The  magnitude  of  the  volumetric  flow  that  the  flow  reduction  system 
can  divert  via  the  gas  leak  valve  is  dependent  on  how  it  is  configured.  With 
1/16  inch  stainless  steel  tubing  from  the  T  junction  (E  on  Fig.  2)  to  the  flow 
meter  and  a  single  gas  leak  valve  installed,  the  flow  reduction  system  can 
reduce  up  to  800  ml/min  arriving  at  E  to  39  ml/min  output  at  F.  With  two 
gas  leak  valves  placed  in  parallel  by  having  a  cross  at  E  instead  of  a  T  junc¬ 
tion,  and  1/8  inch  stainless  steel  tubing  from  ihe  cross  to  the  flow  meter, 
flow  rates  in  excess  of  1200  ml/min  arriving  at  E  can  be  reduced  to  39 
ml/min  output  at  F. 

It  was  stated  in  Section  3  that  the  flow  reduction  system  need  not 
adjust  the  opening  of  the  gas  leak  valve  when  the  system  output  is  switched 
from  clean  air  to  vapor,  provided  that  the  volumetric  flow  of  air  arriving  at 
point  £  is  not  changed.  This  is  the  case  when  the  vapor  stream  is  either 
undiluted,  or  is  diluted  by  less  than  500  ml/min  of  air.  Nevertheless,  the 
flow  reduction  system  does  sometimes  make  adjustments  under  these  condi¬ 
tions.  This  adjustment  occurs  because  the  mass  flow  meter  in  the  flow  reduc¬ 
tion  system  is  calibrated  for  dry  air,  and  gives  an  erroneous  reading  when 
high  concentrations  of  a  vapor  with  thermal  properties  differing  from  those 
of  air  are  sent  through  it.  The  flow  reduction  system  automatically  adjusts 
the  gas  leak  valve  so  that  the  reading  from  the  flow  meter  will  return  to  the 
desired  value,  even  though  that  reading  is  mis-stating  the  actual  flow.  This 
error  becomes  negligible  when  the  vapor  stream  is  dilute. 
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5.  Conclusion 

The  instrument  described  here  has  proved  to  be  extremely  valuable  in 
conducting  chemical  sensor  research.  Sensor  coating  materials  can  now  be 
rapidly  screened  against  a  range  of  chemical  vapors.  The  capability  of 
generating  mutliple  concentrations  of  a  single  vapor  and  maintaining  a 
constant  flow  rate  to  the  sensor  regardless  of  the  dilution  required  to  achieve 
the  desired  concentration  allows  calibration  curves  to  be  determined  very 


conveniently.  Extended  sequences  of  tests  involving  target  vapors  at  low  con¬ 
centrations,  potential  interferents  at  high  concentrations  and  mixtures  of 
two  vapors  can  be  automaticaaly  executed  to  critically  evaluate  prototype 
sensors.  Testing  sequences  requiring  days  of  continuous  operation  can  be 
routinely  conducted.  The  generation  of  sensor  data  sets  of  sufficient  size  for 
the  application  of  pattern  recognition  techniques  is  a  readily  manageable 
task.  A  matrix  of  surface  acoustic  wave  sensor  data,  which  was  collected 
with  this  instrument  and  analyzed  by  pattern  recognition  techniques,  has 
recently  been  reported  [4].  This  type  of  instrument  should  be  useful  to  all 
those  who  must  test  and  evaluate  chemical  sensors. 
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1.  SYSTEM  OVERVIEW. 

A.  Introduction. 

The  VG-70C0  automatic  vapor  generation  system  is  an  advanced 
instrument  for  the  preparation  of  test  atmospheres  for  a  variety  of 
apDiications,  including  chemical  vapor  sensor  performance  studies, 
olfactory  investigations  and  vapor  phase  reactions.  The  system  employs  a 
novel  scheme  based  on  pneumatic  pulse  width  modulation  to  dilute  source 
vapors  with  clean  carrier  gas  by  dilution  factors  from  1  (undiluted)  to 
over  1,000,000.  Remarkably,  the  pulse  width  modulation  approach  permits 
this  wide  range  of  dilution  factors  to  be  realized  with  no  adjustments  to 
the  system  carrier  gas  flow  rate.  This  guarantees  a  constant  source  vapor 
flow  rate  at  values  ranging  from  100  seem  to  several  liters  per  minute. 
At  the  smaller  flow  rates  there  will  be  a  consistently  low  carrier  gas 
consumption  rate.  For  example,  at  700  seem  a  compressed  zero  air 
cylinder  can  be  used  to  meet  the  20  psi  carrier  gas  requirement  for  weeks 
of  continuous  operation.  Noisy  pumps  and  contaminant  traps  can  therefore 
be  eliminated. 

Vapors  may  be  obtained  from  a  variety  of  sources;  however,  the  system 
was  specifically  designed  for  the  convenient  use  of  bubblers.  Bubblers  can 
be  used  to  generate  source  vapors  from  essentially  any  chemical  that  is 
liquid  at  room  temperature.  The  range  of  concentrations  available  from 
bubblers  depends,  of  course,  on  the  saturated  vapor  pressures  of  the 
liquids  of  interest,  but  must  often  they  are  typically  quite  high  (e.g. 


In  the  VG-7000.  gas  flow  control  and  valve  timing  are  managed  by  a 
built-in  microcomputer  system.  The  system  valving  is  designed  fail  safe, 
so  that  in  the  event  of  electronic  failure  or  power  loss  the  system 
automatically  turns  off  all  vapor  sources  and  purges  itself  with  clean 
carrier  gas,  thereby  eliminating  the  possibility  for  undesired  vapor  mixing 
or  unexpected  vapor  output.  All  carrier  gas  flow  rates  are  regulated  by 
highly  precise  electronic  mass  flow  controllers. 

Operator  interactions  with  the  VG-7000  are  conducted  through  an  Apple 
Macintosh™  host  computer  that  communicates  with  the  on-board 
microcomputer  by  means  of  an  RS-232C  line.  System  definition, 
calibration,  checks,  and  operation  are  ail  performed  by  means  of  a 
simple-to-use,  menu  driven  operating  system  that  utilizes  many  of  the 
Macintosh  graphics  and  editing  features.  Complex  experiments  may  be  set 
up  for  the  VG-7000  that  can  be  carried  out  completely  under  computer 
control  for  periods  up  to  several  days.  The  only  Investigator  intervention 
required  would  be  to  assure  adequate  liquid  levels  in  the  bubblers.  The 
experimental  schedules  are  stored  on  disk  and  can  be  recalled  and  modified 
or  reused. 

A  programmable  solenoid  valve  Is  provided  at  the  vapor  generator  output 
that  can  rapidly  switch  from  the  vapor  stream  to  clean  carrier  gas.  Thus, 
sensors  under  evaluation  can  easily  be  re-zeroed  to  baseline.  A  TTL 
compatible  signal  is  provided  on  the  Instrument  front  panel  that  provides 
valve  status  information  useful  for  synchronization  of  external  sensor 
data  acquisition  equipn.ent. 


The  VG-7000  was  designed  as  a  modular  system.  It  is  organized  into  four 
component  subsystems  (or  modules)  with  a  computer  host.  The  four 
component  subsystems  are:  (1)  the  electronics  module:  (2)  the  dilution 
module;  (3)  the  bubbler  module:  and  (4)  the  gas  cylinder  module.  A 
complete  system  will  contain  one  dilution  module,  one  electronics  module, 
up  to  three  vapor  generating  modules  (either  bubbler  or  gas  cylinder 
modules),  and  an  Apple  Macintosh™  computer.  The  system  is  normally 
configured  with  two  bubbler  modules  and  one  gas  cylinder  module.  Control 
of  the  system  is  accomplished  using  a  hierarchical  multiprocessor 
computer  system.  An  Apple  Macintosh™  serves  as  the  system  host  and 


performs  all  operator  interactions.  A  Z8  microcontroller  imbedded  in  the 
vapor  generator  electronics  module  is  slaved  to  the  Macintosh™  and 
generates  all  control  signals.  Communication  is  via  an  RS  232C  serial 
interface.  AH  of  these  components,  except  for  the  Apple  Macintosh™ 
computer,  are  located  in  a  self-contained  enclosure  with  all  necessary 
external  connections  supplied  either  on  the  front  or  rear  of  the  chassis. 
The  connections  required  are  discussed  in  the  users  manual.  A  brief 
description  of  the  function  of  each  module  is  helpful  in  understanding  the 
operation  of  the  system  and  is  given  below. 

1.  Vapor  Generating  Module. 

The  purpose  of  the  vapor  generating  module  Is  to  produce  vapors  of  the 
selected  materials  (liquids)  by  bubbling  a  ca>rier  gas  through  pure  samples 
of  the  liquids  held  in  Teflon™  transfer  containers.  This  method  provides 
reasonably  saturated  solutions  in  a  single  stage  of  contact  (90%  typically). 
The  creation  of  a  fully  saturated  solution  would  require  the  use  of  several 
stages  in  series  and  is  not  necerssary  for  this  application.  The  source 
vapor  is  then  transported  through  the  process  lines  to  the  dilution  module. 
Each  Bubbler  Module  includes  Teflon™  transfer  containers  for  four  liquids. 
The  four  transfer  containers  are  housed  in  a  water  cooied  aluminum  heat 
sink  to  maintain  the  inaterials  at  a  constant  temperature  during  the 
evaporation  process.  The  flow  of  carrier  gas  to  each  transfer  container  is 
controlled  by  a  series  of  Teflon™  solenoid  valves  that  direct  the  carrier 
gas  to  the  container  holding  the  desired  material.  The  transfer  lines 
which  deliver  the  highly  saturated  vapor  streams  are  not  heated.  Thus  to 
prevent  vapor  condensation  in  the  unheated  lines,  it  Is  essential  that  the 
bubblers  be  held  at  constant,  sub-ambient  temperatures  (e.g.  10-20 
degrees  centigrade).  The  flow  rate  for  each  bubbler  module  is  controlled 
by  an  electronic  mass  flow  controller.  This  flow  rate  is  set  to  100  cc/min 
and  is  matched  with  the  flow  rates  used  throughout  the  system. 

It  is  necessary  to  periodically  check  the  tightness  of  the  fittings  and  top 
of  the  transfer  containers.  This  is  done  to  avoid  leaks  which  can  occur 
with  Teflon™  due  to  cold  flow.  It  is  also  necessary  to  check  the  transfer 
lines  and  filters  on  the  bubbler  modules  to  inspect  for  condensation  and 
liquid  accumulation,  if  liquid  is  present  tiiis  indicates  a  problem  with  the 
operation  of  the  bubbler  modules  and  requires  further  investigation. 


3.  Gas  Cylinder  Module. 

The  gas  cylinder  module  allows  for  the  input  of  up  to  four  bottled  gases  to 
the  dilution  module.  These  gases  should  be  calibrated  mixtures  in  clean 
air  rather  than  pure  gases  to  give  accurate  flow  control.  Pure  conpressed 
gases  cannot  be  used  since  the  electronic  mass  flow  controllers  are 
calibrated  for  air.  The  gas  inputs  are  through  bulkhead  connectors  and  are 
operated  using  four  cylinder  selecting  valves.  This  module  also  contains  a 
mass  flow  controller  that  regulates  the  flow  rate  of  the  input  gas  stream 
to  match  that  of  the  carrier  gas  used  in  the  dilution  moduleand  the  vapor 
generating  (bubbler)  modules.  The  outlet  from  this  module  connects  to  the 
dilution  module.  During  default  conditions  or  when  this  module  is  not 
selected,  pure  carrier  gas  is  sent  through  the  process  lines  to  purge  any 
residual  vapor  which  may  be  present. 

4.  Electronics  Module. 

The  Electronics  Module  contains  power  supplies  for  the  on  board 
microcomputer  and  the  electronic  mass  flow  controllers.  The 
microcomputer  communicates  with  the  Macintosh™  host  computer  over  a 
9600  baud  serial  RS-232C  communications  line  (8  data  bits,  no  parity,  2 
stop  bits).  The  VG-7000  microcomputer  requests  information  from  the 
Macintosh™  regarding  the  vapors  to  be  selected,  the  pulse  width 
modulation  duty  cycles  for  each  of  the  three  dilution  stages  of  the  dilution 
module,  the  equilibration  period  allowed,  and  the  on/otf  periods  for  the 
vapor  generator.  Each  solenoid  valve  in  the  system  is  energized  with  115 
VAC  supplied  from  an  optically  isolated  solid  state  relay  controlled  by  the 
microcomputer.  There  are  only  two  controls  available  to  the  operator.  A 
power  switch  energizes  the  entire  system,  and  a  microcomputer  reset 
button  is  used  to  guarantee  that  the  VG-7000  and  Macintosh™  are 
synchronized.  A  TTL  compatible  signal  on  the  front  panel  of  the 

electronics  module  provides  valve  status  Information  useful  for 
synchronization  of  external  sensor  data  acquisition  equipment.  This  signal 
is  the  same  as  that  used  to  control  the  final  solenoid  valve  that  selects 
whether  the  vapor  stream  or  clean  carrier  gas  is  being  supplied  to  the 
sensors.  Four  identical  (except  for  length)  power  cables  are  used  to 
connect  the  various  system  modules  to  the  electronics  module.  These 
cables  carry  115  VAC  power  supply  and  return  lines  for  the  solenoid  valve, 
chassis  ground,  and  flow  controller  power  (+/-  15  V,  ground,  signal). 


materials  into  the  transfer  containers  rather  than  liquid  samples. 
Permeation  tubes  can  be  prepared  for  most  materials  of  interest  and  are 
able  to  produce  extremely  low  concentration  vapor  streams.  The 
controlled  output  from  the  permeation  tubes  allows  for  extremely 
accurate  concentration  levels  below  1.0  mg/m3.  This  system  was 
designed  so  that  the  transfer  containers  would  operate  using  either  liquid 
samples  or  permeation  tubes. 

This  system  allows  for  the  production  of  binary  and  ternary  mixtures  by 
using  one  input  from  each  of  the  vapor  generating  modules  or  from  either 
of  the  vapor  generating  modules  and  the  gas  cylinder  module.  The  blending 
valves  are  used  to  control  the  concentrations  of  the  mixtures.  Due  to  the 
switching  time  of  the  blending  valves,  the  concentration  range  for 
mixtures  is  restricted  to  5%  to  95%  by  volume  of  either  vapor  In  the  bianry 
mixture  and  restricted  to  5%  To  90%  by  volume  or  each  vapor  for  ternary 
mixtures.  The  system  software  program  defines  the  upper  and  lower 
concentration  limits  based  on  the  volume  percent  as  described  above.  The 
available  concentrations  of  the  mixtures*  depend  on  the  particular  vapors 
being  used. 


There  are  seven  operating  modes  for  this  system.  Each  of  these  modes  can 
be  run  separately  from  each  other  and  in  any  order  desired.  The  choice  of 
operating  mode  is  done  using  a  screen  menu  on  the  Apple  Macintosh^. 
When  a  mode  is  selected  a  new  screen  appears  to  either  display 
information  or  to  request  inputs  from  the  operator.  Each  of  the  operating 
mode  screens  contains  an  option  to  cancel  that  mode  if  it  was  selected 
accidentally  or  if  the  operator  does  not  wish  to  use  that  mode.  The  first 
two  modes  of  operation  involve  only  the  Macintosh™,  the  next  four  modes 
require  interaction  between  the  Macintosh  and  the  system  hardware,  and 
the  last  mode  is  used  to  exit  the  VG-7000  program.  These  seven  modes 
are  described  below. 

1.  System  Definition  Mode. 

The  system  definition  mode  is  used  to  allow  the  user  to  define  the 
parameters  neccessary  to  operate  the  vapor  generating  system.  This  mode 
is  used  dunng  the  initial  system  configuration  and  at  later  times  when 
changes  have  been  made  to  the  hardware  or  vapors.  Selection  of  this  mode 
of  operation  is  done  from  the  screen  menu.  Once  this  selection  is  done,  a 
screen  appears  which  displays  each  of  the  system  parameters.  These 
parameters  include  such  items  as  number  of  vapor  transfer  containers  in 
the  system,  number  of  external  gas  cylinders  hooked  up  for  use,  the  vapors 
provided  by  each  transfer  container  and  gas  cyfinder  and  their  volumetnc 
flowrate,  carrrier  gas  flow  rate,  system  temperature,  and  default 
parameters  for  the  experiments.  Each  of  these  parameters  is  described  in 
more  detail  below. 

•  Number  of  vapor  transfer  containers.  This  system  is  designed  to 
accept  input  from  a  total  of  12  input  channels  divided  into  three  groups  of 
four  sources  each.  The  groups  of  four  inputs  are  contained  on  either  a 
bubbler  module  or  a  gas  cylinder  module.  Therafore,  the  number  of  vapor 
transfer  containers  available  is  either  4,  8,  or  12  for  the  use  of  1.  2.  or  3 
bubbler  modules  respectively.  The  value  input  into  the  computer  is 
determined  by  the  equipment  configuration.  Note  that  the  value  input  for 
the  number  of  containers  must  be  the  actuar  nunber  of  vapors  available. 
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Each  vapor  input  is  labeled  with  a  number  recognized  by  the  computer  for  a 
specific  location  and  set  of  operating  valves.  It  is  important  to  refer  to 
the  correct  transfer  container  or  gas  cylinder  location  when  identifying 
the  material  placed  in  that  location.  This  requirement  is  necessary  so 
that  the  Z-8  microcontroller  can  operate  the  correct  valves  when 
selecting  a  specific  vapor.  Not  ail  of  the  vapor  inputs  need  to  be  used  in 
order  for  the  system  to  operate,  it  may  be  necessary  or  desirable  at  times 
to  use  only  a  portion  of  the  availabte  inputs.  In  these  instances,  the  name 
of  material  and  calibrated  mass  flow  rate  for  the  empty  input  channel  are 
left  blank. 

•  External  gas  cylinders.  As  mentioned  above,  the  system  was 
designed  for  up  to  12  Input  channels.  This  allows  for  a  maximum  of  12 
external  gas  cylinder  hookups  if  no  bubbler  modules  are  used.  The  number 
of  gas  cylinders  available  is  either  0,  4,  8,  or  12  for  0,  1,  2,  or  3  gas 
cylinder  modules  respectively.  Note  that  pure  compressed  gases  cannot 
bo  used  as  a  vapor  source  since  the  electronic  mass  flow  controllers  are 
calibrated  for  air.  Calibrated  gas  sources  containing  low  concentrations 
(e.g.  less  than  1000  ppm)  of  a  gas  in  air  can  be  used  as  a  vapor  source 
however, 

•  Calibrated  mass  flow  rate.  The  mass  flow  rate  for  each  material 
must  be  determined  for  each  carrier  gas  flow  rate  and  system  temperature 
used.  When  new  materials  are  introduced  or  different  system  conditions 
are  used  the  vapor  mass  flow  rates  must  be  re-calibrated  in  order  to 
specify  this  parameter.  A  calibration  mode  is  available  with  the  vapor 
generation  system  specifically  for  tills  purpose.  The  value  for  mass  flow 
rate  must  be  Input  in  units  of  mg/m^.  The  system  display  shows 
concentration  in  mg/m^. 

•  Carrier  gas  flow  rate.  The  carrier  gas  flow  rate  is  the  value  which 
wiil  be  set  using  the  mass  flow  controllers.  This  flow  rate  is  generally 
set  at  100  cc/mln.  The  system  performance  is  optimized  at  this  value. 
The  blending  and  mixing  chambers  were  designed  and  sized  to  operate  most 
efficiently  In  the  this  range  of  flow  throughput.  The  total  carrier  gas  flow 
requirement  is  approximately  seven  times  the  flow  rate  of  each  mass  flow 


controller.  If  this  value  is  set  to  100  cc/min  the  total  requirement  for  the 
system  is  700  cc/min. 

•  System  temperature.  The  value  for  system  temperature  refers  to 
the  temperature  of  the  transfer  containers  on  the  bubbler  modules.  This  is 
the  temperature  at  which  the  materials  being  evaporated  are  exposed  to. 
This  is  not  adjustable  unless  an  external  (user  supplied)  refrigeration  unit 
is  used  to  circulate  cooling  fluid  through  the  transfer  container  heat  sink. 

Changes  to  the  values  displayed  during  this  mode  are  done  only  as  needed 
through  the  use  of  the  Apple  Macintosh  mouse  and  keyboard.  Once  changes 
have  been  completed  tr  the  system  definition  these  values  will  remain  in  a 
data  file  until  further  changes  are  required. 

•  Equilibrium  Period.  The  equilibrium  period  is  the  time  specified  for 
the  system  to  produce  the  desired  vapor  concentrations  prior  to  output 
from  the  instrument.  This  is  done  to  allow  the  system  to  sweep  out  all 
traces  of  previous  vapors  and  carrier  gas  and  reach  equilibrium  between 
the  vapor  being  produced  and  the  system. 

•  On  Period.  The  on  period  is  the  time  during  which  the  VG-7000 
outputs  vapor  to  be  used. 

•  Off  Period.  The  off  period  is  the  time  during  which  the  VG-7000 
outputs  carrier  gas.  This  is  done  to  re-zero  the  output  stream. 

2.  Experiment  Schedule  Mode. 

A  separate  mode  is  used  to  enter  the  operating  parameters  for  the 
experiment  schedule.  During  this  mode,  the  information  which  defines  the 
experiment  schedule  is  input  to  the  Macintosh™  for  computation.  In  this 
mode,  the  operator  can  either  create  a  new  experiment  schedule  or  edit  an 
existing  experiment  schedule.  The  created  schedules  are  saved  on  the 
"VGDATAOISK".  Additional  data  disks  can  bo  used  if  needed  to  save 
numerous  experiment  schedules.  The  information  .“deeded  to  define  the 
scheduling  includes  the  component(s)  of  each  vapor;  the  concentration(s) 
for  each  vapor;  and  the  number  of  runs  to  bo  performed,  equilibration 
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period,  cycle  time,  and  number  of  cycles  at  each  concentration.  Each  of 
these  variables  is  described  in  further  detail  below. 


•  Vapor  components.  For  the  mixtures  being  used,  there  are  either 
two  or  three  components  to  each  vapor  and  these  must  be  specified.  For 
single  component  vapors,  only  one  material  must  be  input.  For  binary 
mixtures  it  is  required  that  each  of  the  two  components  be  from  separate 
vapor  generating  modules.  For  ternary  mixtures  there  must  be  one  vapor 
specified  from  each  of  the  three  possible  vapor  modules.  The  input  of  the 
vapor  components  allows  the  Z>d  microcontroller  to  select  the  correct 
valves  to  generate  the  desired  vapors. 

•  Equilibrium  period.  Prior  to  the  first  vapor  output  from  the  system 
an  equilibrium  period  is  necessary  to  allow  a  stable  vapor  concentration  to 
develop.  The  operator  is  able  to  select  the  time  period  best  suited  to  the 
vapors  being  tested.  The  input  for  this  parameter  is  in  a  number  of  ten 
second  cycles  between  1  and  999.  The  recommended  system  requirement 
is  for  a  minimum  of  thirty  minutes  (180  cycles)  before  each  exposure. 
This  time  is  required  because  of  the  methods  used  to  produce  the  vapor 
concentrations.  The  process  lines,  the  blending  chamber,  and  the  mixing 
chambers  need  to  have  all  of  the  dead  volume  swept  out  as  well  as  reach 
temperature  and  flow  rate  stability,  in  addition,  the  production  of  the 
vapor  stream  involves  alternating  between  clean  carrier  gas  and 
concentrated  vapor.  This  vapor  then  passes  through  the  mixing  chambers 
to  average  out  the  concentration  level.  This  process  involves  a  finite  time 
interval  which  depends  on  the  mixing  chamber  volume  and  the  vapor  flow 
rate.  The  requirement  of  thirty  minutes  will  allow  for  the  necessary 
concentration  equilibrium  period.  Any  further  time  period  selected  by  the 
operator  will  improve  the  system  performance  and  is  recommended  when 
high  boiling  vapors  are  generated. 

•  Cycle  time.  The  exposure  cycle  time  can  be  broken  into  two  parts,  an 
exposure  period  and  a  baseline  period.  These  two  parts  are  referred  to  as 
the  on  period  and  the  off  period.  The  exposure  period  (on  period)  is  the 
time  during  which  a  vapor  stream  of  sot  concentration  is  output  from  the 


17 


vapor  generating  system.  The  baseline  period  (off  period)  is  the  time 
interval  when  clean  carrier  gas  is  output  from  the  vapor  generating 
system.  Adding  the  two  time  intervals  defines  the  cycle  time.  The 
purpose  of  the  baseline  period  is  to  allow  the  operator  to  generate  a 
reference  state  for  the  sensor  being  evaluated.  Both  of  these  time  periods 
are  defined  by  a  number  of  ten  second  intervals.  For  example  an  exposure 
period  of  6  would  last  for  60  seconds  (1  minute)  and  a  baseline  period  of  3 
would  last  for  30  seconds. 

•  Number  of  cycles.  The  number  of  times  the  system  goes  through  a 
cycle  (exposure  period  plus  baseline  period)  can  be  set  to  any  value 
between  1  and  999.  This  number  will  determine  the  length  of  the  total 
exposure  time  for  each  concentration. 

•  Vapor  concentration.  The  desired  concentration(s)  for  the  single 
component,  binary  and  ternary  mixtures  must  be  specified  to  the  computer. 
The  Macintosh*^  calculates  the  upper  and  lower  concentration  limits  for 
each  material  based  on  the  calibrated  mass  flow  rate  data  provided  to  the 
system  definition,  and  available  dilution  ratios.  These  limits  are 
displayed  on  the  computer  screen  and  the  concentration  value  input  by  the 
operator  must  be  within  these  limits,  if  not,  the  computer  will  not  accept 
the  input  value  and  request  a  new  value.  The  actual  target  concentration 
generated  by  the  system  may  be  slightly  different  from  that  requested  by 
the  operator  due  to  round  off  approximations  required  by  the  pulse 
modulation  scheme.  For  mixtures,  there  are  two  sets  of  concentration 
ranges,  one  for  each  component.  Once  tlie  concentration  is  selected  for  one 
component,  the  values  available  for  the  second  component  are  limited  due 
to  the  available  mixture  ratio.  For  ternary  mixtures  there  are  three  sets 
of  concentration  ranges,  one  for  each  component  These  values  are  also 
restricted  by  the  available  combiantions  of  vapors  selected. 

3.  System  Check  Mode. 

The  system  check  mode  is  used  to  verify  the  operation  of  the  solenoid 
valves  and  the  relays  in  the  system.  When  this  mode  is  selected  a  screen 
appears  on  the  Macintosh™  which  contains  a  "button”  corresponding  to  each 
of  the  valves  or  valve  pair.  When  one  of  these  buttons  is  selected  using 


the  mouse,  the  corresponding  valve  is  activated  on  the  VG-7000.  Carrier 
gas  must  be  off  when  this  mode  is  being  used.  This  is  done  to  prevent 
any  dangerous  mixtures  or  situations  within  the  VG-7000  due  to  improper 
valve  combinations  being  selected.  By  selecting  the  valves  individually 
the  operator  can  then  diagnose  whether  or  not  all  of  the  valves  and  relays 
are  functioning  correctly  before  starting  a  series  of  experiments.  A  check 
for  each  valve  is  done  by  both  looking  for  the  indicator  light  to  turn  on  and 
listening  for  the  valve  to  "click*  as  it  switches  on  and  off.  The  display 
screen  for  this  mode  shows  the  operation  of  each  valve  as  it  is  tested.  If 
any  of  these  indicators  is  not  detected,  then  the  valve(s)  in  question  must 
be  checked  further.  See  appendix  B  for  an  example  of  the  system  check 
screen. 

4.  System  Calibrate  Mode. 

A  separate  mode  of  operation  is  used  to  calibrate  the  vapor  generating 
system  for  use  with  the  desired  vapors.  To  begin  this  mode,  the  operator 
must  specify  the  vapor  being  tested  and  the  duration  of  the  sampling  cycle. 
The  system  is  automatically  operated  to  produce  a  50%  dilution  of  the 
nearly  saturated  vapor  stream  as  output  to  the  sensing  equipment.  A  50% 
dilution  is  performed  in  order  to  prevent  the  possibility  of  vapor 
condensation  in  the  flow  path  which  could  degrade  the  accuracy  of 
calibration.  This  vapor  stream  is  then  analyzed  to  determine  the 
concentration  In  milligrams  per  meter  cubed  (mg/m^).  There  is  a  set  of 
instructions  shown  on  the  Macintosh”*  screen  detailing  the  steps  needed 
for  gravimetric  analysis.  The  operator  inputs  data  for  the  starting  weight 
of  the  sorbent  tube  and  the  final  weight  of  the  sorbent  tube  and  vapor 
trapped.  Once  this  information  is  obtained,  the  value  for  the  saturated 
solution  is  calculated  by  the  computer.  This  physical  property  data  is  put 
into  the  system  memory  for  use  by  the  system  definition  mode  described 
earlier.  This  is  done  when  the  operator  selects  the  save  option..  Vapor 
mass  flow  rate  information  is  used  by  the  computer  software  to  determine 
the  vapor  concentrations  produced.  If  another  flowrate  is  used  or  the 
system  temperature  is  changed  since  the  Initial  calibrations  were 
performed,  then  ail  of  the  calibration  data  must  be  redone  and  entered  into 
the  computer  memory  for  these  conditions. 
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Gravimetric  analysis  of  the  vapor  stream  is  easily  accomplished  by 
passing  the  vapor  output  stream  through  an  activated  charcoal/molecular 
sieve  13X  trap  for  a  specific  period  of  time  and  then  recording  the  mass 
change  of  the  trap.  With  a  flow  rate  cf  100cc/min.  a  ten  minute  cycle 
time  would  allow  1  liter  of  vapor  to  pass  through  the  filter.  When  the 
weights  ire  input  to  the  computer  the  calculation  of  the  vapor  mass  flow 
rate  is  performed  and  displayed.  If  the  information  appears  correct  then 
the  value  can  be  saved  and  automatically  placed  in  the  system  definition. 

5.  System  Operate  Mode. 

When  this  mode  of  operation  Is  selected,  the  only  computer  input  required 
is  to  select  which  experiment  schedule  input  is  the  one  to  be  used.  The 
latest  schedule  is  indicated  by  the  date  of  its  entry.  The  experiment 
schedule  to  be  used  is  selected  by  using  the  mouse  of  the  Apple 
Macintosh^.  During  the  operate  mode,  a  time  log  feature  can  be  selected 
which  will  produce  a  printout  that  indicates  which  vapors  and 
concentrations  were  produced  as  well  as  the  times  when  system  warm-up. 
exposure  and  baseline  occured. 

6.  Immediate  Mode 

The  immediate  mode  will  be  available  with  later  versions  of  the  system 
software.  This  mode  will  allow  the  user  to  imput  data  quickly  for  one 
single  experiment,  either  a  single,  binary  or  ternary  mixture  at  one 
concentrations.  This  input  is  much  faster  than  creating  an  entire 
experiment  schedule,  but  is  limited  to  only  one  vapor. 

7.  Exit  Vapor  Generator 

This  option  is  selected  to  exit  the  vapor  generator  program. 
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II.  SYSTEM  HARDWARE  DESCRIPTIONS. 

This  section  of  the  document  describes  the  four  modules  of  the  system  and 
the  function  of  each.  These  four  modules  are  the  dilution  modulo,  vapor 
generating  module,  gas  cylinder  module,  and  electronics  module. 

A.  Dilution  Module. 

The  dilution  modulo  performs  the  function  of  generating  the  concentration 
of  vapors  specified  in  the  experiment  schedule  mode.  This  is  accomplished 
by  mixing  the  nearly  saturated  vapor  stream  or  bottled  gas  with  carrier 
gas  in  the  ratios  needed  to  produce  the  desired  vapor  concentrations. 

1.  Blending  Chamber. 

The  blending  chamber  is  included  as  a  means  to  effectively  mix  the 
components  of  binary  or  ternary  gas  mixtures  which  are  specified  during 
the  system  initialization.  The  gas  mixtures  are  combined  using  vapors 
from  either  the  vapor  generating  modules  or  the  gas  cylinder  module.  This 
chamber  is  located  downstream  from  the  selector  valves  and  combines  the 
vapor  streams  entering  from  the  vapor  generating  modules.  The  blending 
chamber  is  constructed  of  teflon  and  is  carefully  designed  to  effectively 
smooth  the  transient  vapor  pulses  Into  a  steady  average  concentration. 

2.  Selector  Valves. 

The  selector  valves  control  the  process  of  mixing  two  or  three  vapors 
produced  by  the  vapor  generating  modules.  Responding  to  the  mixture 
concentrations  specified  during  the  system  initialization,  these  valves 
alternate  the  selection  of  vapor  paths  to  create  the  proper  ratio  of  gas 
mixtures. 

3.  Mixing  Chamber. 

The  mixing  chambers  are  located  downstream  of  the  blending  chamber  and 
are  used  to  dilute  the  concentration  of  the  Initial  vapor  stream  from  the 
blending  chamber.  There  are  a  total  of  three  mixing  chambers  in  series. 
Each  chamber  is  capable  of  a  dilution  ratio  of  1  to  100  therefore  allowing 
a  total  djllution  ratio  of  1  to  1,000,000.  However,  the  recommended 
dilution  ratio  is  1  to  50  for  each  chamber  and  1  to  125,000  for  the  system 


in  order  to  maintain  high  levels  of  accuracy.  The  mixing  chambers  are 
identical  to  the  blending  chamber  described  above. 

4.  Dilution  Valves. 

The  dilution  valves  are  responsible  for  switching  the  vapor  and  carrier  gas 
flow  paths.  The  mixing  of  the  vapor  stream  and  carrier  gas  produces  the 
required  dilution  ratio.  This  is  accomplished  by  the  dilution  valves  which 
operate  as  a  pair  and  alternate  between  gas  streams  entering  the  mixing 
chamber.  When  the  vapor  or  carrier  gas  stream  is  not  directed  to  the 
mixing  chamber  it  is  sent  to  the  vent  lines  in  order  to  maintain  a  constant 
flow  of  gas  through  the  system  lines. 

5.  Mass  Flow  Controller. 

Electronic  mass  flow  controllers  are  used  on  the  dilution  level  of  the 
system  to  produce  an  accurate  and  repeatable  gas  flow  rate.  The  sensing 
element  is  a  small  tube  with  resistance  thermometers  wound  on  the 
outside.  The  gas  passing  through  the  tube  is  heated  a  few  degrees  and  the 
temperature  measured  before  and  after  heating.  Temperature  difference  is 
related  to  mass  flow  and  to  gas  thermal  conductivity.  The  controller  has 
an  observed  repeatability  of  about  ±  0.5%  and  can  control  flow  rates  from 
6.0  to  300.0  seem  with  an  accuracy  of  ±  1%  of  full  scale.  There  are  a  total 
of  4  mass  flow  controllers  on  the  dilution  level  of  this  system  to  match 
and  control  the  flowrates  of  each  of  the  gas  streams.  The  close  control  of 
the  gas  stream  flowrates  is  used  to  eliminate  as  much  error  as  possible  in 
the  producticn  of  the  low  level  vapor  concentrations.  The  electronic  mass 
flow  controllers  are  calibrated  for  pure  air.  If  another  gas  is  used  as  the 
major  component  of  the  gas  stream  then  the  absolute  accuracy  ot  the 
flowrate  will  change.  The  output  from  each  of  the  flow  controllers  will 
continue  to  be  matched  with  the  other  controllers  as  long  as  the  same  gas 
is  used  with  each  controller. 
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B,  Bubbler  Module. 

The  bubbler  module  is  used  to  produce  the  highly  saturated  vapors  required 
by  this  system.  Two  of  these  modules  are  included  in  the  automatic  vapor 
generating  system  described  here. 

1.  Transfer  Containers. 

The  materials  used  with  this  system  to  produce  vapors  are  stored  in 
transfer  containers  made  of  Teflon™  to  reduce  the  possibiliy  of  reaction 
after  long  exposure  to  liquid  chemicals.  Following  each  transfer  container 
is  a  20  micrcn  Teflon™  filter  system  to  prevent  the  carryover  of  aerosols 
into  the  system  piping  which  could  cause  contamination  with  the  other 
vapors  being  produced.  Periodically  inspect  the  transfer  containers  for 
tightness  to.  prevent  leakage  due  to  cold  flow  of  the  Teflon™.  Teflon™ 
tape  is  used  to  help  maintain  a  good  seal  on  the  transfer  containers.  When 
filling  or  changing  the  material  in  the  transfer  containers  beware  of 
reactive  or  hazardous  materials  which  may  be  present  in  the  containers. 

2.  Temperature  Control  Block. 

A  temperature  control  block  is  used  on  the  vapor  generating  module  to 
maintain  the  temperature  of  the  transfer  containers.  As  liquid  is 
evaporated  from  the  containers  the  remaining  material  is  cooled  slightly 
due  to  the  heat  of  evaporation.  It  is  important  to  maintain  the 
temperature  of  the  transfer  containers  so  that  the  source  vapor 
concentration  is  constant.  Cooling  fluid  supplied  from  a  user  supplied 
constant  temperature  bath  can  be  used  to  stabilize  the  system 
temperature.  A  sub-ambient  temperature  in  the  range  of  10  -  20  degrees 
centigrade  is  recommended.  Connections  for  the  cooling  fluid  are  on  the 
rear  of  each  vapor  generating  (bubbler)  module. 

3.  Mass  Flow  Controller. 

The  vapor  generating  modules  each  contain  an  electronic  mass  flow 
controller  which  maintains  a  constant  flow  rate  through  the  bubblers.  The 
flow  rate  is  matched  to  the  slow  rate  of  the  dilution  and  gas  cy'inder 
modules  to  keep  all  of  the  system  flow  rates 'the  same. 
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4.  Bypass  Valve. 

The  bubbler  modules  contain  a  bypass  valve  which  is  normally  open  and 
closes  when  any  of  the  transfer  containers  Is  selected.  This  allows 
carrier  gas  to  sweep  out  the  dead  volume  of  the  bubbler  module  when  no 
vapor  is  selected. 

5.  Check  Valve. 

A  check  valve  is  located  at  the  inlet  to  each  bubbler  module.  This  is  done 
to  prevent  reverse  flow  through  the  bubbler  module  in  case  of 
overpressure  in  the  vent  lines  or  unusual  conditions  due  to  incorrect 
operation.  If  flow  is  allowed  to  reverse  direction  in  the  bubbler  module 
then  liquid  will  be  carried  back  into  the  system.  The  check  valve  is  used 
to  prevent  this. 

6.  Teflon™  Filters. 

Each  transfer  container  is  followed  by  a  20  micron  Teflon™  filter  to 
prevent  aerosols  from  being  carried  to  the  dilution  module.  If  liquid  is 
present  outside  ot  the  temperature  controlled  transfer  containers  it  will 
evaporate  at  a  different  temperature  and  this  will  cause  error  in  the  mass 
flow  rate  calculations. 
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C.  Gas  Cylinder  Module. 

The  bottled  gas  level  is  used  to  take  input  from  up  to  four  external  gas 
cylinders  and  supply  these  gases  to  the  dilution  level  of  the  automatic 
vapor  generating  system.  This  feature  allows  the  use  of  calibrated  gases 
or  standard  compressed  gases  for  use  with  vapor  testing.  The  bottled 
gases  are  attached  to  labeled  bulkhead  connectors  on  the  front  panel  of 
this  module  and  require  only  that  a  regulator  be  attached  to  the  cylinder  to 
decrease  the  pressure  to  within  the  range  of  10  to  30  psig  with  an 
optimum  of  20  psig.  The  lower  pressure  is  required  to  prevent  damage  to 
the  mass  flow  controller  and  the  selector  valves  located  downstream  from 
the  connectors. 

1.  Selector  Valves. 

There  are  four  selector  valves  located  on  this  level  of  the  vapor  generating 
system.  Each  valve  in  used  to  select  one  of  the  four  bottled  gas  inputs  and 
allows  this  gas  to  flow  to  the  mass  flow  controller.  The  default  condition 
of  the  valves  is  in  the  closed  condition  so  that  there  is  no  leakage  to  the 
system  from  the  gas  cylinders  as  long  as  the  pressure  does  not  exceed  30 
psig.  This  allows  the  gas  cylinders  to  be  left  open  permanently  if  desired 
without  loss  of  contents  as  long  as  the  pressure  is  within  the  limits 
stated  above. 

2.  Mass  Flow  Controller. 

There  is  one  electronic  mass  flow  controller  used  on  the  bottled  gas  level 
of  this  system.  The  purpose  of  this  controller  is  to  match  the  flow  rate  of 
the  bottled  gas  input  with  the  flowrates  of  the  other  gas  streams  in  the 
system.  This  allows  for  more  accurate  production  of  the  vapor 
concentrations  specified. 

3.  Bypass  Valve. 

There  is  a  bypass  valve  in  the  gas  cylinder  module  to  allow  carrier  gas  to 
flush  out  the  dead  volume  when  no  gas  cylinder  hookup  ‘s  selected. 
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P.  Materials  Of  Construction. 

Teflon. 

Teflon  is  used  for  the  piping  and  components  of  the  entire  vapor  generating 
system.  In  the  vapor  generating  modules  especially  there  are  high 
concentrations  of  vapors  present  at  all  times  and  teflon  is  used  because  of 
its  high  degree  of  inertness  with  the  materials  expected  to  be  used  in  this 
system. 
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III.  OPERATING  SYSTEM  SOFTWARE. 

1.  SYSTEM  REQUIREMENTS 


HARDWARE: 

The  following  pieces  of  hardware  are  required  to  operate  the  VG-7000 
automatic  vapor  generating  system. 

1.  A  Macintosh*^  computer  with  2  disk  drives  and  at  least  51 2K  of 
memory,  (with  keyboard  and  mouse  available) 

2.  A  cable  for  the  RS232C  serial  port  of  the  Macintosh™  to  connect  to 
the  VG-7000  electronics  module. 

(Optional:  An  Imagewriter™  printer  with  appropriate  cables  to  connect 
to  the  Macintosh™  computer.) 


The  only  software  required  to  operate  the  VG-7000  system  is  a  current 
version  of  the  VG-7000  system  disk  and  a  data  disk  to  store  the 
experiment  schedules.  Both  of  these  disks  are  supplied  with  the  VG-7000 
system.  The  system  disk  contains  all  of  the  files  which  are  necessary  to 
operate  the  program.  The  program  was  written  in  Microsoft®  Basic 
version  3.0  (scientific  version)  and  compiled  on  Microsoft®  Basic  Compiler 
V1.0. 


THEORY  OF  OPERATION 


The  Macintosh^  computer  and  the  VG-7000  system  software  provide  a 
user  friendly  interface  to  the  VG-7000  hardware.  The  system  software 
makes  extensive  use  of  windows,  buttons,  and  the  mouse  to  preserve  the 
Macintosh^  "environment*  when  operating  the  vapor  generating  system. 
The  program  is  responsible  for  keeping  track  of  the  system  configuration, 
the  sequence  of  vapors  produced,  their  concentrations,  the  vapor 
equilibration  periods  and  the  on/off  cycle  periods.  The  program  takes 
input  from  the  operator  regarding  the  vapors  desired  and  determines  the 
correct  instrument  settings  to  produce  these  concentrations  as  near  to  the 
desired  value  as  possible.  The  software  provides  the  means  to  edit  and 
create  experiment  schedules  as  well  as  check  for  errors  in  the  information 
entered  by  the  operator  which  would  cause  invalid  vapor  concentrations  to 
be  produced.  The  program  handles  all  communication  with  the  VG>7000 
minicontroller  allowing  "hands-off”  operation  of  the  equipment.  All  that 
is  required  is  to  connect  the  output  stream  from  the  VG-'?000  to  the 
testing  equipment. 

a)  System  Definition  Mode 

OVERVIEW 

The  VG'7000  has  the  capability  of  producing  vapors  from  twelve  vapor 
sources  in  three  banks,  consisting  of  bubbler  modules,  gas  cylinder 
modules,  or  a  combination  of  the  two.  Each  of  the  transfer  containers  can 
hold  a  liquid  material  which  will  be  turned  into  a  vapor  by  circulating  the 
carrier  gas  through  the  transfer  container. 

In  defining  the  system  configuration,  you  have  th  option  of  assinging  4,  8 
or  12  vapor  sources.  Any  materials  that  you  wish  to  be  mixed  must 
reside  in  defferent  bubbler  or  cylinder  banks.  Refer  to  Appendix  B  for  a 
sample  of  the  screen  display. 

OPERATION: 

The  System  Definition  Mode  is  strictly  data-entry.  with  no  calculations 
being  done  by  the  program.  The  program  will  accept  almost  any  data,  with 
the  exception  of  those  exceeding  system  limitations. 
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There  are  six  groups  of  data  that  must  be  entered  in  this  mode. 

They  are: 

1 )  "#  of  Transfer  Containers",  with  a  value  of  0, 4, 8,  or  1 2 

2)  "#  of  Gas  Cylinders”,  same  as  above,  with  combined  total  not  to 
exceede12. 

3)  "Cam'er  Gas  Row  Rate",  obtained  by  measuring  flow  rate  at 
'Vapor  Output*  point 

4)  "System  Temperature.",  this  temperature  corresponds  to  the 
temperature  of  the  temperature  control  block(s)  on  the 
bubbler  module. 

5)  "System  Defaults”.  These  are  the  default  values  the  System 
will  use  in  experiments  if  not  over-ruled  by  the  Experiment 
Schedule.  They  are  as  follows: 

a)  Equilibration  Period. 

b)  Exposure  Period 

c)  Off  Period 

d)  Number  of  Exposure  Cycles  [For  limits  and  explanations  see 
Experiment  Schedule  Mode  ] 

6)  "Material  Descriptions.”  Can  be  any  Alpha-Numeric  word  or  words 
that  will  fit  in  the  edit  field. 

7)  "Material  Concentrations."  Saturated  Concentration  Values  of  the 
materials  in  mg/m^,  should  be  determined  by  running  the  System 
Calibration  mode. 

All  data  is  entered  by  means  of  edit  fields.  (For  information  on  how  to  use 
the  edit  fields,  see  Macntosh  Users  Manual.) 

To  save  any  changes  made  to  the  System  Definition  Table,  press  the 
[ACCEPT]  button.  window  will  then  ask  for  conformation,  and  if 
acknowleged  will  save  tiie  new  Table  as  the  data  file  'SDVap'.  Warning, 
any  experiment  schedules  that  oredate  changes  to  the  System  Definition 
should  be  re-calculated  if  changes  were  made  in  materials  or  mass  flow 
rate. 

To  print  out  a  hard  copy  of  the  System  Definition  Table,  press  the 
PRINT]  button,  making  sure  that  the  printer  is  on  line. 


To  leave  the  System  Definition  Mode  without  saving  the  changes,  press  the 
[CANCEL]  button.  This  will  keep  the  existing  Table  unchanged. 


1 )  When  setting  the  number  of  transfer  containers  and  gas  cylinders,  the 
total  number  must  be  4. 8,  or  1 2.  Any  defined  container  or  cylinder 
that  is  not  used  should  have  "EMPTY*  entered  In  the  description  edit 
for  that  material. 

b)  Experiment  Schedule  Mode 

QBJEQME: 

The  objective  of  the  Experiment  Schedule  Mode  is  to  allow  the  operator  of 
the  VG-7000  automatic  vapor  generating  system  to  create  a  schedule  of 
vapor  exposures  and  to  run  the  system  in  a  continuous  mode.  The 
experiment  schedules  created  are  stored  so  that  the  same  schedule(s)  can 
be  used  at  a  later  date  without  the  need  to  redefine  the  desired  vapors  and 
concentrations.  Refer  to  Appendix  B  for  a  sample  of  the  screen  display. 

OVERVIEW: 

This  Mode  allows  you  to  create  and  edit  Experiment  Schedules  of  Vapors 
consisting  of  one  or  two  materials  at  differing  concentrations  and 
exposure  periods.  Each  experiment  Schedule  can  have  up  to  sixty  different 
vapors  for  twelve  materials  being  used  or  a  lesser  amount  for  fewer 
materials,  with  each  vapor  having  up  to  ninty-nine  different 
concentrations.  Experiment  Schedules  should  be  saved  on  a  seperate  disk 
from  the  VG7000  program  and  Macintosh™  Operating  System,  due  to  disk 
size  limitations.  Experiment  Schedules  are  named  as  follows: 

'Disk  Namo’:Exp'YY-MM-DD"Vol  #'.VG2 
example:  VGOATAOISK:Exp87-02-01A.VG2 

The  volume  numbers  run  from  'A*  to  *2*,  allowing  26  different  Experiment 
Schedules  to  be  created  on  a  single  day.  More  can  be  created  if  different 
data  disks  are  used. 

well  as  acting  as  a  data  entry  mode,  the  program  also  calculates  valve 
duty  cycles  for  the  VG-7000  and  mixture  ratios  for  the  vapors  so  there  is 
some  delay  experienced  when  entering  values. 
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OPERA-nON: 

The  first  thing  the  Experiment  Schedule  Mode  will  ask  is  whether  to  create 
a  new  Schedule  or  edit  an  existing  one. 

if  you  press  the  [Create  New  Exp.  File]  button,  you  will  be  prompted  for 
the  Disk  Name,  with  the  Default  being  'VGData*.  If  you  wish  to  store  the 
Experiment  Schedule  under  a  different  name,  enter  the  new  name.  You  will 
then  go  directly  into  the  Data  Entry  Mode. 

if  you  press  the  [Edit  Existing  Exp.  File]  button,  a  window  will  display 
the  Experiment  Schedules  currently  on  File  on  the  disk  in  drive  1.  Since 
this  drive  should  contain  no  Experiment  Schedules,  press  the 
[CHANGE  DRIVE]  button  to  access  drive  2.  If  you  need  to  change  disks  in 
the  drive,  press  the  [EJECT]  button  and  insert  the  new  disk.  All  the 
Experiment  Schedules  on  the  disk  will  be  displayed. 

To  select  an  Experiment  Schedule  to  edit,  click  the  Mouse  twice  on  the  file 
name  or  Click  the  Mouse  once  on  the  name  to  select  it  and  press  the 
[SELECT]  button.  If  there  are  more  fifes  on  the  disk  than  can  be  displayed 
at  once,  use  the  arrows  on  the  window  to  scroll  up  and  down  the  list.  If 
you  decide  not  to  edit  an  existing  file,  press  the  [CANCEL]  button.  When 
you  have  selected  a  file,  you  will  tfien  go  to  the  data  entry  screen. 

There  are  four  types  of  data  needed  for  the  Experiment  Schedule.  They  are: 

1 )  "Mixture."  Three  buttons  used  to  determine  if  the  vapor  is  a  Single, 
Binary  or  Ternary  mixture.  The  mixture  in  effect  for  the  current 
vapor  has  a  'radio  light*  dot  to  the  left  of  the  button  lit. 

2)  ."Exposure  Values."  These  are  the  exposure  conditions  for  the  single 
vapor  being  defined.  They  are: 

i)  "Equilbrium  Period"  Time  for  the  VG-7000  to  attain  a  consistant 
concentration.  Can  be  a  value  between  1  and  999  ten  second 
intervals.  A  value  of  at  least  30  minutes  or  1 80  intervals  is 
adequate. 

ii)  "Exposure  Period"  Time  that  the  ou^ut  stream  from  the  VG-700 
will  contain  the  vapor.  Ranges  from  1  to  999  ten  second 
intervals. 

iii)  "Off  Period"  Time  that  the  vapor  is  routed  to  the  vent  with  the 
output  stream  being  pure  carrier  gas.  Also  rangesfrom  1  to  999 
ten  second  intervals. 

iv)  "Number  of  Exposure  Cycles"  Number  of  times  the  program  will 
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cycle  between  the  exposure  and  off  periods.  Can  be  a  value 
between  1  and  999, 

Pressing  [return]  while  in  the  Exposure  Value  section  will  allow  entry 
of  the  next  value,  until  the  'Exp.Cycles’  value  is  entered,  where  entry 
will  jump  to  the  Vapor  #1*  edit  field.  Pressing  [TAB]  or  the  [OK] 
button  will  also  jump  to  the  Vapor  #V  edit  field.  If  zero  (0)  is 
entered  for  any  of  these  values,  the  system  will  use  the  System 
Default  values  set  in  the  System  Definition  Mode  and  displayed  to  the 
right  of  the  edit  fields.  If  tne  System  Default  values  are  changed 
after  the  experiment  schedule  has  been  saved,  when  the  experiment 
schedule  Is  run  in  the  System  Operate  mode,  the  new  System  Default 
'  values  will  be  used. 

3)  "Vapor  #."  The  number  of  the  Gas  Source  (taken  from  the  System 
Definition)  is  entered  here.  When  <RETURM>  is  pressed,  the  program 
displays  the  name  of  the  Material.  If  the  number  entered  is  not  a 
defined  material,  exceedes  the  range,  or  if  two  gas  numbers  are  in  the 
same  source  bank,  the  computer  will  beep  and  will  expect  a  new 
number  to  be  entered, 

4)  "Concentration."  This  is  the  concentration  in  mg/m^  of  the  selected 
material  desired.  The  value  must  be  in  the  range  calculated  from  the 
Saturated  Concentration  value  for  the  material  entered  in  the  System 
Definition.  If  there  is  a  mixture  of  materials,  the  concentration 
range  of  the  second  gas  is  determined  by  the  concentration  of  the 
first  gas  and  If  present  the  concentration  range  of  the  third  gas  is 
determined  by  the  first  and  sencond  gases.  When  the  values  are 
entered,  the  program  will  calculate  and  display  the  actual 
concentrations  that  will  be  produced. 

Once  all  Exposure,  Vapor  and  Concentration  Data  has  been  entered  You  can 
view  the  different  Vapors  by  using  the  [PREVIOUS]  and  [NEXT]  buttons  to 
flip  through  the  vapors.  If  you  wish  to  edit  a  Vapor,  press  the 
[EDIT]  button,  then  re-enter  the  new  values. 

If  you  press  the  [INSERT]  button  in  the  Vapor  Parameter  Section,  a  space 
for  the  new  vapor  will  open,  with  the  vapor  that  was  being  displayed  being 
renamed,  (ie  Vapor  2  will  become  Vapor  3,  3  to  4,  4  to  5.  ect.)  If  the 


32 


Experiment  Schedule  is  large,  this  may  take  some  time  to  happen.  The  new 
vapor  will  initially  have  the  same  parameters  as  the  last  vapor  displayed. 

If  you  press  the  [DELETE]  button,  the  vapor  shown  will  be  deleted,  with 
all  vapors  after  renamed,  (ie  Vapor  3  to  2,  4  to  3,  5  to  4,  ect.) 

To  add  vapors  to  the  end  of  the  Experiment  Schedule,  press  the 
[ADD]  button. 


To  save  the  Experiment  Schedule,  press  the  [ACCEPT]  button. 

To  print  a  Hard  Copy  of  the  Experiment  Schedule,  press  the  [PRINT] 
button,  making  sure  the  printer  is  on-line. 

To  quit  the  Experiment  Schedule  Mode  without  saving  the  Schedule,  press 
the  [CANCEL]  button. 

c)  System  Check  Mode 

OBJECTIVE: 

This  mode  is  a  self  diagnosis  to  check  for  mechanical  problems  with  the 
VG-7000  hardware.  The  program  will  display  a  simulation  of  the  disolay 
panel  of  the  equipment  chassis.  Each  of  the  lights  displayed  on  the  screen 
is  a  button  that  when  pressed  will  switch  the  corresponding  light  and 
valve  on  the  VG-7000. 

OPERATION: 

When  entering  the  System  Check  mode,  window  will  ask  you  to  press  the 
reset  button  on  the  vapor  generator.  If  there  is  no  change  when  the  reset 
button  is  pressed,  check  that  ttie  power  on  the  VG-7000  is  on  and  the 
connections  between  the  Macintosh™  and  the  VG-7000. 

When  us-ng  the  System  Check  -node,  be  sure  that  the  carrier  gas  is  off  or 
disconnected  to  avoid  the  possibiity  of  generation  unknown  vapor 
mixtures. 

To  leave  the  System  Check  Mode,  press  the  [RETURN]  button. 
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d)  S'  stem  Calibration  Mode 

QBJ£CILV£: 

This  mode  will  allow  you  to  obtain  a  saturated  concentration  value  for  the 
Materials  in  the  Transfer  Containers  and  the  Gas  Cylinders. 

Refer  to  Appendix  B  for  a  sample  of  the  screen  display. 

OPERATION; 

There  are  four  data  values  needed  for  the  System  Calibration.  They  are: 

1)  "Gas  Number."  a  value  from  1  to  12,  corresponding  the  maerials 
defined  in  the  System  Definition.  When  the  value  is  entered,  the 
Material  Description  is  displayed.  If  the  value  is  invalid,  the 
comouter  will  beep. 

2)  "Sampling  Period."  Time  of  Exposure  Period.  A  1  to  999  ten 
second  interval. 

3)  "Sorbent  Tube  Beginning  Weight  (mg.)."  The  pre-exposure  sorbent 
tube  weight  is  entered  here. 

4)  "Sorbent  Tube  End  Weight  (mg.)."  The  final,  post-exposure  sorbent 
tube  wieght  is  entered  here.  After  [RETURN]  is  pressed,  the 
MASS  FLOW  RATE  is  calculated  based  on: 

A  wt.  1 

-  X  -  -  MFR 

Cal.Tm  X  CFR  Dil. 

With  Awt.  -  change  in  Weight(mg.)  of  Sorbent  Tube 
Cal.Tm  -  Calibration  Time  (min.) 

CHI  -  Carrier  Gas  Flow  Rate  (liters/min.) 

Dil.  -  Dilution  Factor  (50%) 

MFR  -  Mass  Flow  Rate  (mg./m3) 

After  the  new  MFR  is  calculated,  it  is  displayed  and  can  be  saved 
in  the  System  Definition  Table  by  pressing  the  [SAVE]  button. 

After  the  Gas  Number  and  Sampling  Period  values  have  been  entered,  to 
start  the  Calibration,  press  the  [CALIBRATE]  button. 

A  window  will  then  ask  you  to  press  the  reset  button  on  the  vapor 
generator.  If  there  is  no  change  when  the  reset  button  is  pressed,  check 
that  the  power  on  the  VG-7000  is  on  and. the  connections  between  the 
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Macintosh^-^  and  the  VG-7000.  Weigh  the  sorbent  tube  prior  to  vapor 
calibration  and  input  this  information  into  the  appropriate  blank. 

The  VG-7000  will  then  begin  a  warm  up  cycle.  The  time  of  the  warm 
up  cycle  will  be  the  same  value  that  is  placed  m  the  system  definition 
table.  Then  it  will  execute  the  Sampling  Period,  which  will  take  the 
time  specified.  After  the  sampling  period,  weigh  the  sorbent  tube  and 
input  this  information  into  the  appropriate  blank.  The  program  will 
automatically  determine  the  vapor  mass  flow  rate.  If  this  value  is  correct 
press  the  [SAVE]  button  to  save  the  Information. 

To  halt  the  System  Calibration,  press  the  [RESET]  button. 

To  leave  the  System  Calibration  Mode,  press  the  [CANCEL]  button. 

e)  SYSTEM  OPERATE  MODE 

objeguve 

The  system  Operate  Mode  allows  the  selection  and  running  of  a  previously 
created  Experiment  Schedule.  It  displays  each  Vapor  Concentration  as  it  is 
run,  showing  time  until  completion. 

Refer  to  Appendix  B  for  a  sample  of  the  screen  display. 

OPERATION: 

When  you  enter  the  System  Operate  Mode,  a  window  will  display  the 
Experiment  Schedules  currently  on  File  on  the  disk  in  drive  1.  Since  this 
drive  should  contain  no  Experiment  Schedules,  press  the  [CHANGE  DRIVE] 
button  to  access  drive  2.  If  you  need  to  change  disks  in  the  drive,  press 
the  [EJECT]  button  and  insert  the  new  disk.  All  the  Experiment  Schedules 
on  the  disk  will  be  displayed.  To  select  an  Experiment  Schedule  to  execute, 
click  the  Mouse  twice  on  the  file  name  or  Click  the  Mouse  once  on  the  name 
to  select  it  and  press  the  [SELECT]  button.  If  there  are  more  files  on  the 
disk  than  can  be  displayed  at  once,  use  the  arrows  on  the  window  to  scroll 
up  and  down  the  list.  If  you  decide  not  to  execute  an  existing  file,  press 
the  [CANCEL]  button.  When  you  have  selected  a  file,  you  will  then  go  to 
the  System  Operate  Mode  screen. 

To  start  the  Experiment,  press  the  [START]  button.  A  window  will  then 
ask  you  to  press  the  reset  button  on  the  vapor  generator.  If  there  is  no 
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change  when  the  reset  button  Is  pressed,  check  that  the  power  on  the 
VG-7000  is  on  and  the  connections  between  the  Macintosh™  and  the 
VG-7000. 

The  program  will  then  send  the  data  for  vapor  numberl  to  the  VG-7000. 
After  the  data  is  sent,  the  program  will  display  a  count-down  timer 
showing  time  left  for  the  System  Warm  Up  and  System  Running  period. 

if  you  wish  to  Pause  between  Concentration  runs,  press  the  [PAUSE] 
button.  A  window  will  then  appear  with  saying  "Communication  will  Pause 
at  the  End  of  the  Next  Concentration."  When  the  concentration  run  ends, 
The  window  will  display  "Communications  Paused."  To  continue  the 
experiment,  press  the  [CONTINUE]  button. 

If  you  wish  to  stop  the  experiment,  press  the  [RESET]  button.  A  window 
will  then  tell  you  to  "Press  Reset  Button  on  VapGen".  Whe  you  have  done 
this,  press  the  [CONTINUE]  button. 

If  you  press  the  [CANCEL]  button,  any  experiment  running  will  immediatly 
stop  and  you  will  return  to  the  Main  Menu. 
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4.  STARTING  THE  SYSTEM 

To  start  the  system  ail  that  is  required  is  to  turn  on  the  Macintosh™ 
computer,  and  insert  the  two  disks  included  with  the  computer 
startup  disks.  The  two  disks  necessary  to  operate  the  V.G-7000 
system  are  (1)  VG-7000  SYSTEM  DISK  "VG7000"  and  (2)  VG-7000 
DATA  DISK  "VGDATADISK".  Once  the  disks  are  inserted  to  computer 
automatically  loads  the  system  operating  program  and  associated 
files.  The  screen  will  display  the  system  operating  menu  when 
initialization  is  complete. 


ERROR  MESSAGES 


For  all  arror  massaQss,  refer  to  the  Microsoft®  dasis  Interpreter 
manual.  Appendix  B. 


39 


IV.  VG-7000  OPERATION 

1  ■  Setting  Up  the  Hardware 

The  following  steps  are  required  before  applying  power  to  the  VG-7000 

system: 

1.  Set  up  the  Macintosh  computer  system  in  accordance  with  the  Apple 

documentation.  Verify  that  the  Macintosh  is  functioning  properly. 

2.  Check  the  VG-7000  tubing  connectors  on  the  rear  panels  of  all 

modules  to  verify  that  they  are  tight.  Check  that  the  power  cable 
from  each  module  is  connected  to  the  correct  receptacle  on  the 
rear  of  the  electronics  module. 

3.  Connect  the  RS-232C  cable  from  the  VG-7000  to  the  Macintosh 
communications  port. 

4.  Connect  a  supply  of  20  PSI  clean  air  carrier  gas  to  che  "CARRIER 

INLET"  fitting  on  the  dilution  module  front  panel.  Check  that 
the  carrier  gas  air  is  connected  to  the  correct  fitting. 

*5.  Connect  some  tubing  from  the  "VENT  fitting  on  the  dilution  module  to 
an  appropriate  chemical  fume  hood.  The  pressure  drop  of  the  line  from 
the  vent  to  the  hood  should  be  kept  small.  Use  the  shortest  length  (e.g. 
less  than  10  ft.)  of  the  largest  diameter  (e.g.  1/4"  I.D.  )  tubing 
practical. 

"""(VERY  IMPORTANT  NOTE:  Each  vapor  used  in  the  system  is  present 
at  both  the  vent  and  the  vapor  outlet  when  that  vapor  Is  selected.  Use 
great  care  In  discharging  thi  vent  gases  if  toxic  materials  are  used  in 
this  vapor  generator.) 

6.  Connect  the  VG-70b0  Power  cord  to  a  grounded  receptacle  supplying 
115  Volts  AC  at  60  Hz.  (The  system  requires  less  than  3  amps) 
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2.  •  Loading  Liquids  into  the  Bubbler,  Module 

The  transfer  containers  require  periodic  inspection  and  removal  from  the 
temperature  control  block.  In  most  cases  it  is  not  necessary  to  disconnect 
the  tubing  from  the  top  of  the  containers.  For  inspection,  ail  that  is 
reauired  is  to  disconnect  the  teflon  tubing  on  the  rear  of  the  bubbler 
module,  disconnect  the  control  cable  from  the  rear  of  the  module,  slide  the 
module  out  of  the  rack  on  its  rails,  and  raise  the  container  of  interest  out 
of  the  temperature  control  block  and  check  that  the  liquid  level  if  at  least 
1-2"  above  the  bottom  of  the  container.  This  is  necessary  to  insure  that 
the  carrier  gas  stream  will  come  into  contact  with  the  liquid.  The  higher 
the  liquid  level  is  above  the  bottom  of  the  container,  the  greats'^  the 
degree  of  gas/liquid  contact  will  be  during  operation  and  the  more 
saturated  the  vapor  produced.  The  frequency  of  inspection  of  the  tr'  nsfer 
container  liquid  level  depends  of  the  volatility  of  the  material  presort  and 
the  frequency  which  it  is  used.  Initially,  it  is  recommended  that  the  liquid 
level  be  checked  at  least  weekly  and  after  several  weeks  this  inspection 
schedule  can  be  adjusted  as  appropriate  for  each  container. 

1.  Disconnect  the  teflon  tubing  at  the  connectors  at  the  rear  of  the 
bubbler  module.  Also  disconnect  the  module  power  cable. 

2.  Slide  the  bubbler  module  out  of  the  rack  on  its  rails. 

3.  Grasp  the  edges  of  the  transfer  container  to  be  inspected. 

4.  Pull  upward  on  the  lid  to  raise  the  transfer  container  out  of  the 

temperature  control  block. 

Do  Not  Pull.  On  the  Teflon  Transfer  Lines 

5.  inspect  the  liquid  level  to  insure  that  adequete  material  is  present. 

6.  if  liquid  level  is  adequete  skip  to  step  9. 

7.  Remove  cover  to  transfer  container  by  turning  In  a  counterclockwise 
direction. 

8.  Replace  teflon  tape  on  threaded  portion  of  container  if  necessary. 

9.  Fill  container  with  material  desired  to  between  1/2  to  2/3  full. 

10.  Replace  cover  carefully  to  avoid  spilling  material.  Tighten  cover. 

Do  Not  Allow  Liquid  to  Enter  The  Transfer  Lines 

11.  Place  container  back  into  temperature  control  block  and  slowly  push 
down  until  the  container  rests  on  the  bottom. 

12.  Position  container  until  teflon  transfer  tubing  appears  to  be  without 


V 


tension  and  kinks. 

13.  Push  the  module  back  into  the  rack. 

14.  Reconnect  the  stainless  tubing  and  electrical  power  connector. 


page  : 


EXPERIMENT  SCHEDULE  :  VGDftTAD  I  SIC :  Expe8-Q4-25A .  VG2 
DATE  CREATED  ;  04-26-1988  Todays  Date  :  04-26- !9R8 

LAST  UPDATE  :  01-26=1^88  Time  :  lLo6;i9 


Number  of  Vapors  :  4 

Approximate  Experiment  Duration  :  8.7 


VAPOR  NUMBER  : 

GAS  1  :  _1  :  MMA 

Equilibrium  Pd.  :  ISO 

Exposure  Pd.  :  30  -  System  Default 

Off  Pd.  :  30  -  System  Default 

No.  Exposure  Cycles  ;  10  -  System  Default 


Concentration  Gas  1  :  1.31E4-01 

Duty  Cycles  —  MIXTURE  :  100  0 _ Q_ 

DILUTION  :  98  100  100 


VAPOR  NUMBER  :  _2_ 

GAS  1  :  _2  : 

GAS  2  s  :  GAS  6 

Equilibrium  Pd.  :  ififi 

Exposure  Pd.  :  30  -  System  Default 

Off  Pd.  :  30  -  System  Default 

No.  Exposure  Cycles  :  10  -  System  Default 


Concentration  Gas  1  :  5.Q0E-Q2 

Concentration  Gas  2  :  5.00E-02 
Duty  Cycles  —  MIXTURE  :  50  50  0 
DILUTION  :  10  10  10 


VAPOR  NUMBER  :  _2_ 

GAS  1  :  ^  :  GAS  3 
GAS  2  ;  ii  ;  GAS  11 
Equilibrium  Pd.  :  iSfl 

Exposure  Pd.  :  30  -  System  Default 

Off  Pd.  ;  30  -  System  Default 

No.  Exposure  Cycles  :  10  -  System  Default 


Concentration  Gas  1  ;  1.48E-03 

Concentration  Gas  2  :  1 , 46E-03 

Duty  Cycles  —  MIXTURE  :  55  0  45 

DILUTION  :  333 


VAPOR  NUMBER  ;  4 


Concentration  Gas  1  :  l .SVE-OR 

Concentration  Gas  2  :  1.36E-Q2 

Duty  Cycles  —  MIXTURE  ;  55  0  45 
DILUTION  :  7  fi  fi 
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APPENDIX  B. 

Sample  System  Operation  Screens 


ci  File  Edit 


WCROSEl^SOfe  SYSTEIiS,  INC. 
Automatic  Vapor  Generating  System 


'1 


III  . . .  -  -  -  - r 

SELECT  OPERATING  HOPE 

SYSTEM  DEFINITION 
[  EHPEB I MENT  SCHEDULE  ] 
SYSTEM  CHECK  ] 

[  SYSTEM  CflLIBRflTE 
SYSTEM  OPERfiTE 

IHMEDIfiTE  OPEBflll 

^  -  -  — - -  ^ 

EHIT  UflPOR  GENERATOR  ] 


''  ^  File  Edit 


Siistpm  Definitinn  fiodp  Datp  Created  :  04-25- 1 QS3 


Materia] 

Saturated 

Cone.  (mq/m3) 

earner  Gas  Flow  Rate 
(cc/min)  (0  to  300) 

GAS'*  1 

GAS  1 

100 

GAS'»  2 

GAS  2 

100 

Isgsiem  Temp.  (*C) 

GAS*  3 

GAS  3 

100 

GAS*  4 

GAS  4 

100 

GAS*  5 

GAS  5 

100 

GAS  *  6 

GAS  6 

100 

GAS*  7 

GAS  7 

100 

GAS*  8 

GAS  a 

100 

BHSSwb 

Material 

Cone.  (mq/m3) 

GAS  *  1 

GAS  9 

100 

GAS*  2 

GAS  10 

100 

GAS*  3 

GAS  1  1 

120 

GAS*  4 

GAS  12 

100 

«5  File  Edit 


d  File  Edit 


10^1  I  10^2  I  10^5  IQ  #4  I 

WARNING.  DISCONNECT  CARRIER  GAS  OURRING  SYSTEM  CHECK. 
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APPENDIX  C. 

VG-7000  Pneumatic  Flow  Diagram 
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APPENDIX  D. 


Connector  Cable  Pin  Assignments 


DILUTION  MODULE  CONNECTOR 
PIN  ASSI6NMENTS 


APPENDIX  E. 


Time  Log  Sample  Printout 


VG-7000  VAPOR  GENERATOR  SYSTEM  OPERATE  TIME  LOG 
EXPERIMENT  SCHEDULE  :  HARD  DISK;BAS  C0MP;Exd88-04-24A.VG2 

DATE  CREATED  :  04-24-1988  Run  Date  ;  04-24-1988 

LAST  UPDATE  ;  04-24-1988  Time  :  22;35;14 


Number  o-f  Vapors  :  5 

Approximate  Experiment  Duration  :  252&Q 


GAS  1  :  _2  :  GAS  2 
GAS  2  ;  _0  :  GAS  2 
GAS  3  :  __0  :  GAS  2 
Equilibrium  Pd.  :  120 

Exposure  Pd.  :  30 

0^^  Pd.  ;  30 

No.  Exposure  Cycles  :  10 


VAPOR  NUMBER 


:  1 

Concentr.it ion  Gas  1  : 
Concentration  Gas  2  : 
Concentration  Gas  3  : 
Duty  Cycles  :  100  0 


5.30E-»01 
0.00E->-00 
O.OOE-t-00 
0  53  IQO 


100 


SYSTEM  WARMUP  BEGIN  ->  04-24-1988,  22:35:33 


SYSTEM  OPERATE  BEGIN  ->  04-24-1988,  22:55:33 


CYaE 

No. 

1 

ON  :22:55:33 

OFF  :23:00:33 

CYCLE 

No. 

2 

ON  ;23:05:33 

OFF  :23: 10:33 

CYaE 

No. 

3 

ON  :23: 15:33 

OFF  :23:20:33 

CYCLE 

No. 

4 

ON  ;23. -25:33 

OFF  :23:30.-33 

CYCLE 

No. 

5 

ON  :23:35:33 

OFF  .-23:40:33 

CYCLE 

No. 

6 

ON  :23:45:33 

OFF  :23:50:33 

CYCLE 

No. 

7 

ON  :23;55:33 

OFF  :00:00:33 

CYCLE 

No. 

8 

ON  :00  .-05:33 

OFF  :00: 10.-33 

CYaE 

No. 

9 

ON  :00: 15:33 

OFF  :00:20:33 

CYaE 

No. 

10 

ON  :00  .-25:33 

OFF  .-00:30:33 

GAS  1  : 

7 

GAS 

_3 

GAS  2  : 

-3 

GAS 

GAS  3  : 

0 

GAS 

_3 

Equil ibrium  Pd. 

:  120 

Exposure  Pd. 

:  30 

OT-f  Pd. 

:  30 

No.  Exposure  Cycles  ;  10 

VAPOR  NUMBER  ;  2 

Concentration  Gas  1  :  5.31E-»-01 

Concentration  Gas  2  :  2.39E+01 

Concentration  Gas  3  ;  0.0QE•^OO 

Duty  Cycles  :  31  69  0  77  100  100 


SYSTEM  WARMUP  BEGIN  ->  04-25-1988,  00:35:46 


